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ABSTRACT 

 Carbon nanotubes (CNTs) are ideal candidates for the reinforcement of the matrix and 

interphase zone in polymer matrix composites (PMCs), due to their ability to more effectively 

bind the reinforcing fibers to the matrix material.  This can lead to the enhancement of several 

critical composite properties – including interfacial shear strength and interlaminar fracture 

toughness – that are typically associated with a composite material’s resistance to delamination. 

Direct dispersion of CNTs into the matrix of the composites has been shown to be very difficult. 

A more effective way to reinforce PMCs using CNTs is to grow CNTs directly on the reinforcing 

fibers. To this end, a novel technique used to grow CNTs directly on carbon fibers has been 

developed at The University of Alabama and Auburn University. This method, referred to as the 

PopTube Approach, uses microwave irradiation to grow CNTs at room temperature in air, 

without the need for inert gas protection or additional feed stock gases.  The simple nature of the 

PopTube Approach lends itself to large-scale, high-yield manufacturing that can be done in a 

cost effective manner.  However, before this technique is developed beyond the laboratory scale, 

its effectiveness as a route to produce CNT-reinforced composites must be evaluated in a 

comprehensive manner. The objective of this work is to do just that – characterize the 

mechanical properties of CNT-reinforced composites produced via the PopTube Approach.  A 

systematic experimental program is carried out to provide a comprehensive assessment of the 

effects of the PopTube Approach on a wide range of composite mechanical properties.  Results 

show that the PopTube Approach provides for enhanced resistance to delamination with respect 

to several different loading events.  Fractography studies are used to qualitatively understand the 
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mechanisms responsible for these improvements in delamination resistance on the micro-scale.  

Results also suggest that improvements in delamination resistance via CNT reinforcement may 

come at the expense of the tensile properties of PMCs – which gives rise to the conclusion that in 

practice, the degree and manner of CNT reinforcement in PMCs should be carefully considered 

on an application-by-application basis.  Together, the collection of studies performed herein 

provides a wide-ranging quantitative and qualitative assessment of the effects of the PopTube 

Approach CNT reinforcement scheme on the mechanical properties and behavior of polymer 

matrix composites.           
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1 INTRODUCTION 

1.1 Problem Statement 

Composite materials have been extensively implemented across an array of engineering 

fields, from the aerospace and automotive industries to the areas of renewable energy and civil 

infrastructure.  Composite materials – specifically fiber reinforced polymers (FRPs), which are 

considered in this work – consist of three primary components: the fibers (commonly glass, 

carbon, or Kevlar), the matrix (commonly epoxy or polyester), and the interphase zone 

developed between the fibers and the matrix [1].  FRPs possess a number of advantageous 

functional features associated with their fiber-dominated properties (like longitudinal tensile 

strength and modulus), such as: superior stiffness and specific strength, reduced weight, and 

enhanced corrosion resistance.  However, the matrix and interphase zone-dominated properties 

present drawbacks to the widespread use and implementation of composite materials in a variety 

of areas.  For these reasons, a need exists to reinforce the matrix and interphase zone within these 

materials to effectively overcome the aforementioned disadvantageous features.   

 An ideal candidate to accomplish the reinforcement of the matrix and interphase zone of 

composite materials is carbon nanotubes (CNTs), because of their superior mechanical properties 

and excellent thermal and electrical properties.  In polymer matrix composites, direct dispersion 

of CNTs into the matrix material has been shown to be very difficult [2].  A more effective way 

to reinforce composite materials using CNTs is to grow CNTs directly on the reinforcing 

fibers/fabrics.  A novel technique used to grow CNTs directly on carbon fibers has been 
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developed at the University of Alabama and Auburn University [3,4].  This method, referred to 

as the PopTube Approach, uses microwave irradiation to grow CNTs on carbon fibers at room 

temperature in air, without the need for inert gas protection or additional feed stock gases.   

 The objective of this study is to evaluate the potential of the PopTube Approach to 

produce reinforced structural composites with CNTs grown directly on the fibers to achieve 

enhanced mechanical performance.   

1.2   Background 

1.2.1   Carbon Nanotubes 

 Carbon nanotubes (CNTs) are hollow cylindrical tubes that are made up of carbon atoms 

bonded together in the same hexagonal network as that of graphite. Conceptually, a CNT can be 

constructed by rolling a graphene sheet (a single layer of graphite) into a cylindrical tube with a 

continuous surface [5].  CNTs were first described by Ijima in 1991 [6], and since their 

discovery, they have generated much interest in the fields of physics, chemistry, materials 

science, and engineering [7].   CNTs are characterized by their high length-to-diameter ratios as 

well as their low densities of defects.  It is thought that the low density of defects, along with the 

intrinsic strength garnered from the carbon-carbon sp
2
 bonds that make up the fundamental 

structure of CNTs, is primarily what gives CNTs their excellent mechanical properties [7].  

These enhanced mechanical properties include superior stiffness, high specific strength, low 

weight density, and improved corrosion resistance.  In addition to these attractive mechanical 

properties, CNTs have also proven to possess excellent thermal and electrical conductivity 

properties [8].   
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 CNTs can take on two primary forms: single walled carbon nanotubes (SWNTs) and 

multi-walled carbon nanotubes (MWNTs).  An SWNT is simply a cylinder with only one 

wrapped graphene sheet.  MWNTs can be considered as a collection of concentric SWNTs [7].  

According to Belin and Epron [7], the most widely accepted model for CNTs is the coaxial 

cylindrical model – which follows the description that its name implies and consists of a series of 

cylindrical, concentric graphene sheets.   

1.2.2   Common CNT Applications 

Since the discovery of CNTs in the early 1990s, their superb mechanical, electrical, and 

thermal properties have attracted considerable attention in both the academic and industrial 

arenas.  CNTs have great potential in a variety of applications, including composite materials [9], 

smart structures with damage-sensing capability [8,10,11], chemical sensors [12], energy storage 

[13], and nano-electronic devices [5].  Additionally, CNT fibers, sheets, and films have been 

produced by a number of researchers [14–27]. 

One of the most promising applications of CNTs is the reinforcement of the interphase 

zone in composite materials.  A composite material is defined by Vasiliev as “a 

nonhomogeneous material having two or more components including reinforcing elements that 

provide necessary mechanical characteristics of the material and a matrix that allows uniform 

deformation of the reinforcements” [28].  As Sottos and McCullough pointed out [1], a third 

primary component of composite materials should also be considered: the interphase zone 

between the reinforcing fibers and the matrix.  Composite materials enjoy many advantageous 

mechanical features associated with their fiber-dominated properties, such as longitudinal tensile 

strength and elastic modulus.  These desirable features include superior stiffness, high specific 

strength, light weight, and enhanced corrosion resistance.  However, composite materials possess 
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a number of undesirable characteristics related to their matrix and interphase zone-dominated 

properties, such as interfacial shear stress (IFSS) and interlaminar fracture toughness.  These 

relatively weak mechanical properties can lead to interfacial cracking, delamination, and 

decreased fatigue resistance, among others. These potentially critical disadvantageous features 

certainly do not help to promote the widespread implementation of FRPs. 

Therefore, there exists a need to reinforce the interphase zone of common composite 

materials.  An ideal candidate to accomplish this task is CNTs.  CNTs incorporated into the 

interphase zone of composite materials allow for the production of multi-scale composites; these 

are known as “multi-scale” due to the fact that they are reinforced with both microscale fibers 

and nanoscale nanotubes [2].  These whisker-like nanotubes, when incorporated in the interphase 

zone of composite materials, serve to better bind the reinforcing fibers to the matrix material.  

Consequently, many of the previously-weak properties of composite materials can be enhanced. 

1.2.3 Existing CNT Technologies 

As highlighted by Chou et al. [29] in their assessment of current technologies associated 

with the manufacturing of CNTs, much effort has been put forth in the development of an 

effective CNT synthesis method.  These include the chemical vapor deposition (CVD) method 

[30–34], laser ablation [31,33–38], arc discharge method [39–41], and pyrolysis [42].  While 

these existing manufacturing methods have their respective merits, they are generally very 

complex, expensive, cumbersome to implement, and incapable of large-scale processing.   

For example, the most common method used to produce CNTs – the CVD method – 

requires temperatures in the range of 650°C - 1050°C [31,33,34,43].   This requirement - along 

with the need for additional raw materials such as nitrogen, methane, hydrogen, and xylene 
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[31,43] to serve as feedstock gases or provide inert gas protection – presents prohibitive costs in 

the production of CNTs using the CVD method.  Furthermore, as reported by Belin and Epron in 

their review of characterization methods of CNTs [7], the large-scale production of CNTs in a 

controlled manner is a problem that has not yet been solved.  Despite the concerted efforts of 

many researchers, a technique to scale up the CVD method for large-scale, high yield 

manufacturing has not yet been accomplished – thus greatly limiting the widespread applicability 

and usefulness of the existing method.   

Another issue associated with the existing methods of CNT production is the ultimate 

implementation of CNTs in composite materials.  Many existing manufacturing methods aim to 

produce CNTs in bulk that can later be dispersed into the matrix during the pre-production phase 

of composite materials manufacturing.  However, this method is difficult in practice because of 

the matrix material’s generally high viscosity in its liquid form [2].  Additionally, CNTs have a 

tendency to agglomerate within the matrix during mixing – which can lead to a poor distribution 

of CNTs throughout the matrix material (and ultimately, the composite material as well).  A non-

uniform distribution of CNTs in a composite not only leads to unreinforced sections of the 

matrix, but can also give rise to stress concentrations in locations where the CNTs are 

agglomerated.  Due to the exceptionally high stiffness of CNTs, these agglomerations become 

stress “hot spots” once the composite is put under load.  This phenomenon effectively prevents 

the matrix material from performing one of its primary functions, which is to evenly distribute 

stresses throughout the composite (i.e. to the load-bearing fibers) during an axial loading event. 

In this way, CNT agglomerations can “short circuit” a composite’s stress redistribution 

mechanisms during axial loading events, causing premature failure of the composite material. 
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One common route used to enhance CNTs’ dispersion in the matrix is sonication.  It is 

commonly used among research teams when producing CNT-reinforced composites by way of 

the CVD method [2,31].   Kim et al. [2] investigated the effects of sonication on the composite 

material manufacturing process, and discovered two interesting findings.  Minimal sonication 

(10 minutes) resulted in poor dispersion of CNTs characterized by CNT aggregates in the matrix, 

but did not affect the viscosity of the matrix material.  On the other hand, extended sonication (3 

hours) resulted in generally well dispersed CNTs, but caused premature gelling in the matrix 

material (due to the intense conditions generated during sonication) and subsequently a higher 

viscosity.  This caused severe issues in the vacuum assisted resin transfer molding (VARTM) 

process, including incomplete fiber wetting in the resulting composite material.  Based on these 

considerations, CNT dispersion via sonication is not ideal for use with commonly used 

composites processing/manufacturing methods.   

A more effective way to reinforce composite materials using CNTs is through growing 

them directly on the reinforcing fibers to be used.  This ensures uniform dispersion of the CNTs 

precisely in the intended area of application – the interphase zone between the fibers and the 

matrix. Figure 1-1 demonstrates this advantage over the CNT dispersion reinforcing scheme. 
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(a.) 

 

(b.) 

Figure 1-1.  CNT reinforcing schemes: (a.) CNTs dispersed in the matrix and (b.) CNTs grown 

directly on the fibers. 

 

Furthermore, growing CNTs directly on the reinforcing fibers eliminates the potential for 

an increase in resin viscosity during production, thus allowing traditional composite 

manufacturing techniques, including hand layup and VARTM to be readily used.  

1.2.4 PopTube Approach 

1.2.4.1  Working Principle 

 For the reasons discussed above, there has been a strong desire for some time among the 

research and industrial communities to develop a simple, cost effective, and scalable process to 

produce CNT-reinforced composites.  In response to this need, a novel technique was developed 

in 2011 at the University of Alabama and Auburn University by Dr. Jialai Wang and Dr. Xinyu 

Zhang [3,4].  This technique, known as the PopTube Approach, uses a simple three step process 

to grow CNTs directly on the surface of fibers/fabrics.  The working process of this method is 

illustrated in Figure 1-2. 

(a) (b)

Fig.1 CNT reinforcing schemes: (a) CNTS 

dispersed in matrix; (b) CNTS grown on fibers

(a) (b)

Fig.1 CNT reinforcing schemes: (a) CNTS 

dispersed in matrix; (b) CNTS grown on fibers
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Figure 1-2. The PopTube Approach working principle. 

 

The PopTube Approach treatment process is carried out in two primary steps. The as-

received carbon fiber is first coated with ferrocene, which serves as both the carbon source and 

the catalyst in the reaction. The ferrocene-coated carbon fiber is then subjected to microwave 

irradiation, which causes a rapid temperature increase on the surface of the carbon fiber – to a 

level high enough to decompose the ferrocene into iron and cyclopentadienyl groups. At this 

point in time, iron nanoparticles stick on the now-heated surface of the carbon fiber – acting as 

the catalyst – while carbon atoms act as the carbon source. As a result of this process, CNTs are 

grown on the surface of the carbon fiber.   

 The primary advantage of the PopTube Approach lies in its simplicity: the entire process 

is carried out in ambient environment using a simple microwave source, thus eliminating the 

need for a complex, costly reaction chamber.  Because the process does not require inert gas 

protection, continuous manufacturing in open-air is a possibility given an appropriate source of 

microwave irradiation – allowing for the possibility (upon scale-up) for large scale, high yield 

manufacturing.   

Virgin 

carbon fiber 

Coating with 

ferrocene 

Microwave 

irradiation 

Fiber coated 

with CNTs 
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1.2.4.2  CNT Synthesis via the PopTube Approach  

Throughout this work, CNTs are grown on woven carbon fiber plies via the PopTube 

Approach.  These CNT-reinforced plies are then used in the various experimental studies 

detailed herein.  During the development of the PopTube Approach technique, it became 

apparent that woven fiber forms (as opposed to unidirectional fiber forms) were more receptive 

to CNT growth.  This is presumably due to the varying topography that results from the woven 

fiber architecture – which provides a “roughened” surface (of sorts) that promotes better 

adhesion of the metallocene catalyst/carbon source and ultimately, better growth of the CNTs 

themselves.   

Typically, woven carbon fiber plies approximately 150 mm (6 in.) square were soaked in a 

0.5M ferrocene-toluene solution for 30 minutes.  The plies were then left to air-dry, which 

allowed the toluene solvent to evaporate off.  The fabric plies were then subjected to microwave 

irradiation in an ordinary kitchen microwave for 45 seconds.  The microwave exposure duration 

has been optimized (as part of the development/application of this technique) to provide a 

balance between CNT length/quality/coverage and damage to the fibers themselves, as these 

parameters have been found to have an inverse relationship (which is to be expected).  Plies were 

mounted in a lab-made fixture that allowed for uniform exposure of both sides of the fabric to 

the microwave irradiation.  Figure 1-3 shows representative examples of CNTs grown on carbon 

fibers using the described process. 
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(a) (b) 

 

(c) 

Figure 1-3. CNT synthesis via the PopTube Approach: (a) virgin carbon fibers prior to CNT 

growth; (b) and (c) CNT growth on carbon fibers via the PopTube Approach. 

 

1.3 Study Overview 

 This study aims to evaluate the potential of the novel PopTube Approach process to 

produce CNT-reinforced composites.  To this end, a systematic experimental program is carried 

out to characterize the effects of CNTs produced via the PopTube Approach on the mechanical 

properties of carbon fibers and their composites.  The primary tests considered are single fiber 
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tension, uni-axial composite tension, Izod impact, Mode I fracture toughness, Mode II fracture 

toughness, drop-weight impact, compression after impact, and short-beam shear.  Where 

applicable, scanning electron microscopy (SEM) is used to identify the influence of PopTube 

Approach-produced CNTs on fracture mechanisms in laminate composites with respect to a 

variety of loading events.  Together, the quantitative results and qualitative observations gleaned 

in this work are used to develop a multi-scale characterization of the mechanical properties and 

behavior of CNT-reinforced composites produced via the PopTube Approach. 

1.4 Reliability of Test Data 

 The majority of this work is experimental in nature – that is, many of the studies 

presented herein are built around testing that is used to determine whether CNTs produced via 

the PopTube Approach have an effect on the mechanical properties of woven carbon fiber/epoxy 

composites.  As such, in each of the studies reported herein, the t-test was used as a statistical 

determination of whether there was a definitive difference in the mechanical properties of virgin 

(without CNTs) composites and PopTube Approach-treated (with CNTs) composites.  A two 

sample, two-sided t-test where variances are unequal (heteroscedastic) was performed on each of 

the data sets of interest.  The two-sided test was used in order to capture potential changes on 

both sides of the reference mean – that is, no assumptions were made with regard to the direction 

of the change (i.e. a positive change or a negative change) between any two data sets.  The null 

hypothesis used herein is “the property of the virgin composite is the same as the property of the 

CNT-reinforced composite”.  If the p-value returned is less than 0.10, then the null hypothesis is 

rejected and the property of interest in the CNT-reinforced group is deemed to be definitively 

different from the corresponding property in the virgin group.  The t-test itself is commonly used 

throughout research and industry alike; the 0.10 criteria was recently used by Siegfried et al. [44] 
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in their study on the impact and after impact properties of CNT-reinforced carbon fiber/epoxy 

composites.   
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2 SINGLE FIBER TENSION AND COMPOSITE TENSION 

2.1 Overview 

As noted in Chapter 1, a review of the literature on CNT synthesis techniques and their 

applications in composite reinforcement reveals comparatively little insight into the effects of 

CNT synthesis/reinforcement schemes on the tensile properties of the reinforcing fibers or their 

composites.  Of course, CNTs are best-suited for the enhancement of interlaminar properties, and 

appropriately, the literature is rich with studies on the enhancement of delamination resistance 

with regard to Mode I fracture toughness, Mode II fracture toughness, impact resistance, etc.   

However, the issue of potential tensile strength reduction in CNT-reinforced fibers and their 

composites should not be overlooked – even though studies concerning this particular topic may 

yield “negative results” and therefore cease to be attractive targets for publishing.  In part, this 

study seeks to address this issue.      

 In this study, the effects of the PopTube Approach CNT synthesis method on the tensile 

properties of single carbon fibers and woven carbon fiber/epoxy composites are examined.  

Single fiber tensile testing was carried out according to the guidelines set forth by ASTM D3379 

[45], while uni-axial composite tensile testing was carried out according to ASTM D3039 [46].  

Virgin (without CNTs) and PopTube Approach (with CNTs) groups were considered.  Scanning 

electron microscopy (SEM) was used to further understand the failure processes in the woven 

composites, with an interest in clarifying the role played by the CNTs produced in this study.  

Together, these multi-scale quantitative and qualitative characterization techniques are used to 
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develop an understanding of the effects of the PopTube Approach CNT synthesis technique on 

the tensile properties of carbon fibers and their composites.    

2.2 Experimental 

2.2.1 Single Fiber Tensile Testing 

2.2.1.1 Test Methodology  

 ASTM D3379 [45] was used as a guide for the single fiber tensile testing performed in 

this study.  To quantify the single fiber tensile properties of virgin (without CNTs) and PopTube 

Approach (with CNTs) carbon fibers, individual carbon fibers were harvested from woven plies 

from each test group.  This practice was followed to ensure that the level of microwave exposure 

for the specimens to be used in the single fiber tensile tests would match that of the specimens to 

be used in the composite tensile tests.  Individual fibers were mounted in thick paper load frames 

that were sized according to desired gage length.  Specimens were loaded to failure in an Instron 

5565 electromechanical load frame equipped with a 2.5 N load cell.  A loading rate of 0.20 

mm/min was used, and load and displacement data were recorded throughout the tests by the 

accompanying testing software.  7 successful tests were carried out for the virgin (without CNTs) 

group and 8 successful tests were carried out for the PopTube Approach (with CNTs) group.  A 

single gage length – 25 mm – was used for each of these tests.  

2.2.1.2 Data Reduction   

 Due to the inherent difficulty in directly measuring gage section-strains in individual 

carbon fibers, crosshead displacements were used to calculate strains in this set of tests.  With 

this approach, steps must be taken to account for the compliance of the test setup itself (i.e. load 

frame/grip assembly).  To this end, a minimum of 3 virgin (without CNTs) specimens were 
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tested at 3 different gage lengths – 20 mm, 25 mm, and 30 mm.  The apparent (indicated) 

specimen compliance values were then plotted against gage length, and a linear trendline was fit 

to the data.  For the dataset gathered in this study, the equation for the line of best fit is given by: 

                     (2-1) 

where    is the apparent compliance of the specimens (in mm/N) and    is the gage length of the 

specimens (in mm).  The y-intercept of this equation – the estimate for apparent compliance 

when gage length is zero – can be taken as the system compliance.  In this case, the system 

compliance,   , is taken as 0.7497 mm/N.  Using this value, the true compliance,  , for each 

specimen can be calculated as: 

        (2-2) 

The true compliance of the fibers can then be used to calculate accurate axial Young’s modulus 

values for the fibers using the relation: 

   
  

  
 (2-3) 

where   is the cross-sectional area of the fiber.   

 It should be noted that the single fiber tests with 3 different gage lengths were used only 

for the determination of system compliance in this study – the single fiber tests of interest (7 for 

the virgin group and 8 for the PopTube Approach group) were carried out using a single gage 

length, with their data ultimately reduced to account for said system compliance.   

 Since the experimentally-determined strength data for carbon fibers generally manifests 

itself in a distribution, it is useful to employ Weibull statistics to characterize the strength of a 

given group of fibers.  A two-parameter Weibull model is most often used, in which the two 
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parameters -    (characteristic strength) and   (Weibull modulus) – describe the size and the 

distribution of flaws, respectively, in the fibers [47].  The two-parameter Weibull distribution 

used herein is given by: 

        [ 
  

  
(
 

  
)
 

] (2-4) 

where    represents the probability of failure for a given fiber,   and   represent the gage length 

and failure strength, respectively, for the fiber of interest, and    represents a reference gage 

length.  In the analysis of a dataset consisting of only one gage length (as is the case in this 

study),      and Eq. (2-4) can be rewritten as: 

  [         ]                 (2-5) 

To analyze a given dataset of single fiber strengths, strength values for the   fibers tested at the 

same gage length are ranked in ascending order and the probability of failure,   , for each fiber 

is estimated by: 

      
     

     
 (2-6) 

where   represents the rank order of the given fiber,   is the number of fibers tested for the 

group, and   and   are statistical parameters typically taken as 0.5 and 0, respectively [47].  

2.2.2 Uni-axial Composite Tensile Testing 

2.2.2.1 Test Methodology 

 To quantify the in-plane tensile properties of carbon fiber/epoxy composites 

manufactured from virgin (without CNTs) and PopTube Approach-treated (with CNTs) plain 

woven fabric, a series of quasi-static uni-axial tension tests were carried out.  ASTM D3039 [46] 
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was used as a guide for this testing.  One significant modification was made to the test 

parameters recommended by the standard in order to accommodate the CNT growth process of 

interest: Instead of the recommended 250 mm (10 in.) specimen length, a specimen length of 125 

mm (5 in.) was used.  Because current PopTube Approach processing techniques (i.e. microwave 

chamber size) only allow for approximately 150 mm (~6 in.) square treated fabric layers, this 

reduced specimen size was necessary.  It should be noted that the same specimen dimensions 

were used for both the virgin and PopTube Approach-treated groups, so as to allow for 

comparison between the two test groups.  Laminate composites (4 plies thick – [0]4) were laid up 

by hand, vacuum bagged, and cured in a hot platen press.  Optical micrographs of several test 

specimens from each group were taken, and image analysis software (ImageJ) was subsequently 

used to calculate an estimate for fiber volume fraction in the laminates.  The micrographs of 

fibers embedded in the matrix were converted to binary images via an automated threshold 

routine.  The number of black and white pixels in the images were counted using a built-in 

algorithm, and based on this information, volume fractions were calculated for both of the 

constituent materials (this is a valid approach since the area associated with each pixel is the 

same).  Fiber volume fraction data is shown in Table 2-1.  While this technique certainly has its 

drawbacks (specimen selection/preparation may influence results, large number of constituent 

images needed to ensure statistical significance, etc.), it provides a straightforward route to the 

determination of fiber volume fraction and its use has been documented in several previous 

studies [48–50].   
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Table 2-1. Fiber volume fraction data for uni-axial 

composite tension testing. 

Test Group vf (%) 

Virgin (without CNTs) 58.5±7.4 

PopTube Approach (with CNTs) 55.2±8.8 

 

Upon the suggestions offered by ASTM D3039 and from previous experience, E-

glass/epoxy tabs (25 mm x 25 mm x ~3 mm) were bonded on either side of the test specimens at 

the specimen ends (in the regions to be gripped).  Tabs were not tapered in this case, since 

tapering (which can further reduce stress concentrations at the tab ends adjacent to the gage 

section) generally is not necessary with woven fabric composites.   

Test specimens were loaded in tension to failure at the ASTM-recommended rate of 2 

mm/min.  This crosshead speed generally led to a total elapsed testing time of 2-3 minutes for the 

specimens considered in this study.  An MTS QTest/25 electromechanical load frame was used 

to carry out the tests.  6 specimens were successfully tested for the virgin group, and 18 

specimens were successfully tested for the PopTube Approach-treated group.     

2.2.2.2 Measurement of Strains 

 In lieu of traditional strain gages, a digital image correlation (DIC) system was used to 

measure displacements (from which strains were ultimately calculated) across the entire gage 

section of the composite specimens.  To accommodate the DIC system, composite specimens 

were painted with a black and white speckle pattern.  Following calibration of the system, two 

high-speed cameras were used to capture images at 1 second intervals throughout the course of 

the tests.  Figure 2-1 shows a typical speckle pattern applied to composite tensile specimens to 

enable DIC deformation tracking.  The DIC test setup can be seen in Figure 2-2.  
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Figure 2-1.  Speckle pattern for DIC on composite tensile specimen.  
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Figure 2-2.  Digital image correlation (DIC) setup for uni-axial composite tensile tests. 

Electromechanical load frame with 

speckle-coated specimen in grips 

High-speed cameras capturing images 

for deformation mapping 

Computer system 

acquiring load data 
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DIC analysis software – VIC-3D (Correlated Solutions) – was then used to reduce the data 

and calculate the desired strain values.  Finally, the strain record from the DIC system was 

matched to the load-displacement record from the load frame software.  It should be noted that 

prior to the uni-axial composite tensile tests performed in this study, the accuracy of the DIC 

system was verified by using traditional strain gages on identical composite test specimens.   

2.3 Results and Discussion 

2.3.1 Single Fiber Tensile Testing 

 Using the relationships in Eqs. (2-4), (2-5), and (2-6), Weibull plots can be generated for 

both of the test groups considered in this study, and are seen in Figure 2-3.  The left-hand side of 

Eq. (2-5) is plotted on the y-axis, and the natural logarithm of the experimentally-determined 

fiber strength data is plotted on the x-axis.   
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Figure 2-3.  Weibull plots for single fiber tensile test groups. 

  

The least-squares regression method was used to generate a line of best fit for the data – 

from which the characteristic strength,   , and Weibull modulus,  , can be determined.  The 

Weibull modulus is simply the slope of the linear trendline, and the characteristic strength is 

calculated from the y-intercept,  , as follows: 

 

      [ 
 

 
] (2-7) 
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Table 2-2. Single fiber tensile test results. 

Test Group 

Weibull Parameters 

Strain-to-Failure 

(mm/mm) 

Axial 

Young’s 

Modulus 

(GPa) 

Weibull 

modulus, m 

Characteristic 

strength, σ0 

(MPa) 

Virgin 

(without CNTs) 
8.65 3725 .01957 ± .00259 226.7 ± 11.3 

PopTube Approach 

(with CNTs) 
4.34 3301 .01728 ± .00426 218.2 ± 14.2 

Relative Difference -49.8% -11.4% -11.7% -3.76% 

p-value NA NA 0.147 .704 

  

Results from the single fiber testing carried out in this study are reported in Table 2-2.  

Values shown in Table 2-2 for virgin AS4 carbon fibers compare well to values available from 

the manufacturer (Hexcel) and in the literature. Each of the four metrics reported in Table 2-2 

showed declines in the PopTube Approach-treated fibers.  Beyond the straightforward 

observations – including declines on the order of 10% in characteristic strength and strain-to-

failure along with a small decline in Young’s modulus for the PopTube Approach-treated group 

– further insight can be gleaned from the Weibull parameters presented here.   With respect to 

Weibull modulus, the PopTube Approach-treated fibers exhibited a 50% reduction as compared 

to the virgin fibers.  Since Weibull modulus is a representation of the distribution of flaws within 

the fibers, it can be concluded that the CNT growth process led to an increase in the number of 

flaws present in the carbon fibers.  The characteristic strength, which is representative of the size 

of flaws within the fibers, was also reduced by the CNT growth process – indicating that the size 

of the flaws in the PopTube Approach-treated fibers increased as well. 

 Considering the nature of CNT growth methods in general, it is perhaps no surprise that 

the carbon fibers in this study have been damaged to some degree.  Commonly used methods for 
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the production of CNT-reinforced carbon fibers – such as the CVD method – often lead to 

reductions in single fiber tensile strength [51–53], which have been reported to be as high as 

55%.  As pointed out by Li et al. [54], this degradation has been attributed to a number of factors 

related to the CVD method, including fiber surface damage (due to surface modification 

techniques used to enhance catalyst adhesion as well as the use of common metal catalysts) 

[51,52] and bulk fiber damage (due to CVD processing in general, seen even when fiber surface 

damage is largely avoided) [53].  Considering the declines in fiber tensile strength and fiber 

strain-to-failure, along with the fact that the PopTube Approach also employs a metal catalyst, 

fiber surface damage is likely the primary cause of the degradation observed in this study.  Bulk 

fiber damage may be responsible for the slight decline in Young’s modulus, as stiffness is an 

intrinsic material property and should not be affected by fiber surface damage alone.    

2.3.2 Uni-axial Composite Tensile Testing 

 In uni-axial composite tensile testing, particular attention must be paid to macro-scale 

failure modes, since the thin laminate composites considered are especially susceptible to 

bending and torsional stresses (as a result of specimen and/or grip misalignment), as well as 

stress concentrations at the grips.  As long as failure occurs at a single location in the gage 

section (at least one specimen width away from either grip/tab location), it is reasonable to 

assume that the failure can be attributed to the applied uni-axial tensile stress.  As such, the 

failure mode for each specimen was recorded at the end of each test per ASTM D3039.  For the 

virgin (without CNTs) group, none of the specimens tested failed in an abnormal manner.  For 

the PopTube Approach-treated (with CNTs) group, one of specimens tested failed at the lower 

grip; its data points are not included in the reported results.  All other specimens in this group 

failed in an acceptable manner.   
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 In this test procedure, calculations for strength and strain-to-failure are straightforward.  

For the determination of the modulus of elasticity, ASTM D3039 recommends the tensile chord 

modulus method.  Using this approach, the modulus of elasticity is calculated as the straight-line 

slope of the stress-strain curve between 1000 με (0.001 absolute strain) and 3000 με (0.003 

absolute strain).  Poisson’s ratio was also calculated via the chord method, using the same strain 

range as the modulus of elasticity calculations.  Results from uni-axial composite tensile testing 

are shown in Table 2-3.   

Table 2-3. Uni-axial composite tensile test results. 

Test Group 

Strength 

(MPa) 

Strain-to-Failure 

(mm/mm) 

Tensile Chord 

Modulus (GPa) Poisson’s Ratio 

 Without CNTs 778.0 ± 15.9 .01193 ± .000197 63.46 ± 2.20 .0627 ± .021 

 With CNTs 592.4 ± 69.3 .00969 ± .00128 59.89 ± 2.94 .0599 ± .016 

Relative Difference -23.9% -18.8% -5.63% -4.45% 

p-value .000 .068 .023 .790 

 

The PopTube Approach CNT synthesis process led to sizable declines with respect to 

uni-axial tensile strength (23.9%) and strain-to-failure (18.8%).  Small, but not insignificant, 

declines were also measured with respect to tensile chord modulus (5.63%) and Poisson’s ratio 

(4.45%) in the PopTube Approach-treated group.  These declines can be attributed to several 

different contributing factors: fiber damage from the CNT growth process, a reduction in fiber 

volume fraction due the presence of CNTs on the fibers, and a change in tensile failure mode due 

to the presence of CNTs on the fibers. 
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2.3.2.1 Fiber Damage from CNT Growth 

Perhaps the most obvious contributing factor is the damage imparted to the fibers during 

the PopTube Approach CNT growth process.  As shown by single fiber tensile testing, fiber 

strength and fiber strain-to-failure are reduced on the order of 10% as a result of this fiber 

damage.  However, the nature of the woven composites considered in the composite tensile test 

may serve to exacerbate the effects of the fiber damage observed in the single fiber tensile test.  

The single fiber test considers individual carbon fibers at short gage lengths, which serves to 

yield relatively “pure” tensile properties of the fibers themselves – as compared to the composite 

tensile test which considers those same fibers (at much longer length scales, which gives way to 

higher probabilities of failure given the statistical nature of fiber strength) woven into a fabric 

and implemented in an epoxy matrix composite.  Woven fabrics necessitate fiber crimp, which is 

known to lead to reductions in the mechanical properties of woven fabric composites as 

compared to unidirectional composites [55].  The woven fiber architecture gives rise to a 

difference in effective loading on the fibers between the single fiber tensile test and the 

composite tensile test.  In the single fiber test, the applied uni-axial tensile load is able to 

translate directly to the individual fibers of interest, and as such, the fibers are effectively loaded 

in uni-axial tension.  However, in the composite tensile test, the applied uni-axial tensile load 

does not necessarily manifest itself as such in the individual fibers.  As the composite is loaded 

in tension, the undulating fibers tend to straighten out [55].  This action causes longitudinal and 

transverse fiber tows to pull closer into contact with each other as the load increases, giving rise 

to shearing stresses (along the tow boundaries) and out-of-plane stresses in the composite at 

crossover points in the weave.  Therefore, the actual loading on the fibers in the composite 

tensile test considered here is not pure uni-axial tension, but rather a combined loading.  Weibull 
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analysis of the single fiber test data suggested that both the size and the number of flaws in the 

fibers were increased as a result of the CNT growth process.  It is plausible, then, that the nature 

of the woven composite tensile test serves to magnify the detrimental effects of the CNT growth 

process – leading to further declines in composite tensile properties as compared to the declines 

in single fiber tensile properties.   

2.3.2.2 Reduction in Fiber Volume Fraction 

Since composite tensile strength showed a decline of nearly 25% in the PopTube 

Approach-treated group, it is unlikely that fiber damage alone is responsible this sizable 

reduction (the same reasoning applies with regard to composite strain to failure).  A second 

contributing factor is likely the reduction in fiber volume fraction caused by the presence of 

CNTs on the surface of the fibers in the PopTube Approach test group.  As previously shown in 

Table 2-1, fiber volume fraction is approximately 3% lower in the PopTube Approach (with 

CNTs) composites than in the virgin (without CNTs) composites.  Without additional data to 

establish a quantitative relationship between fiber volume fraction and uni-axial tensile strength 

of the woven composites considered in this study, the exact effect of the 3% reduction in fiber 

volume fraction measured here cannot be deduced.  However, micromechanics suggests that this 

reduction in fiber volume fraction due to the presence of CNTs on the fibers would have a 

detrimental effect on the tensile strength of the PopTube Approach (with CNTs) composites.   

2.3.2.3 Change in Tensile Failure Mode 

In an effort to understand how the woven composites failed as a result of the applied uni-

axial tensile loading and determine whether any changes in failure mode occurred as a result of 

CNT reinforcement, scanning electron microscopy (SEM) was employed to image fracture 



28 

  

surfaces from both the virgin (without CNTs) and PopTube Approach (with CNTs) test groups.  

In their comprehensive study on the relationship between fiber-matrix adhesion and composite 

mechanical properties, Drzal and Madhukar [56] established in detail how composite 

fracture/failure processes in tension vary with interfacial shear strength (IFSS).  In their study, 

fiber surface chemistry was manipulated to produce three different degrees of fiber-matrix 

adhesion.  Single fiber fragmentation testing was used to quantify the differing levels of IFSS, 

and then a series of composite mechanical tests were carried out in order to relate IFSS to global 

mechanical composite properties.  In one component of the study, unidirectional AS4 carbon 

fiber/epoxy composites were loaded to failure in longitudinal tension and the resulting fracture 

surfaces were examined via scanning electron microscopy (SEM).  For convenience, a summary 

of Drzal and Madhukar’s work is presented in Figure 2-4.   
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IFSS Failure Mode Fracture Surface Characteristics Composite Failure Processes 

L
o
w

 

 Delamination 

 Fibers completely devoid of 

matrix 

 Matrix no longer holding fibers 

together 

 F-M interface not able to transfer load 

from critically stressed fibers to lower 

stressed adjacent regions 

 Stored strain energy not allowed to reach  

levels large enough to cause extensive F-

M debonding during failure 

M
ed

iu
m

 

 F-M 

debonding 

 Matrix failure 

 Broken matrix fragments still 

adhere to fibers, even after a 

large amount of strain energy 

was suddenly released at final 

fracture 

 Failure surface is “brush-like” 

 Interfacial cracks allowed to grow parallel 

to fibers, and act as crack arresters to 

relieve stresses from critically stressed 

regions 

 Stresses distributed more uniformly, 

resulting in an “explosion” failure and 

“brush-like” failure surface 

H
ig

h
  Matrix failure 

 F-M 

debonding 

 Similar to medium IFSS, except 

matrix failure is predominant 

 “Crack blunting” mechanism offered by F-

M debonding is not operative; as fibers 

begin to break, F-M interface at the 

broken ends does not fail – allowing 

transverse cracking to propagate 

perpendicularly across the fibers 

 Strength gains from higher IFSS may be 

negated by increased “notch sensitivity” 

Figure 2-4. Summary of the relationship between interfacial shear strength (IFSS) and fracture/failure of carbon/epoxy 

composites in tension.  Summarized from [56]. 
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In the present study, fracture surface imaging was focused in the longitudinal fiber 

regions of the woven composites.  In each of the images presented in this section, the tensile 

loading direction corresponds to the vertical direction.  Fracture surface images from the virgin 

(without CNTs) group are shown in Figure 2-5.   
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(a) (b) 

  
(c) (d) 

Figure 2-5.  Fracture surfaces of virgin (without CNTs) carbon/epoxy composites following uni-axial tensile testing. 
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 From the images shown in Figure 2-5, several observations can be made.  In terms of 

failure mode on the fiber scale, the predominant mechanism appears to be fiber-matrix 

debonding along with some degree of matrix failure.  Exposed fiber surfaces are largely clean 

and devoid of matrix material, but in some locations, matrix fragments remain on the fibers.  

Away from the exposed fiber surfaces, the fibers are still held together by the matrix material.  

Perhaps the most telling characteristic in these images is the varying nature of the fracture 

surface itself.  As transverse cracking moved across the composite, it was not allowed to simply 

cut perpendicularly across the longitudinal fibers in a clean manner.  The crack path moved 

parallel to the longitudinal fibers in a number of locations, indicating that the degree of fiber-

matrix adhesion allowed some debonding to occur between the fibers and the matrix.  As 

described by Drzal and Madhukar [56], this mechanism would have effectively served as a 

“crack arrester”, and provided for the relief of critically stressed regions to lower-stressed 

neighboring regions.  As a result, stresses in the composite were allowed to redistribute as the 

material was loaded in tension.  This more uniform distribution of stresses prevented the 

specimens from becoming victims of their “weakest links” (the most critically stressed regions) 

and failing sooner than they otherwise would.  In reference to Figure 2-4, these characteristics 

are likely indicative of a “medium” degree of fiber-matrix adhesion and IFSS.  Fracture surface 

images from the PopTube Approach (with CNTs) group can be seen in Figure 2-6.   
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(a) (b) 

  
(c) (d) 

Figure 2-6.  Fracture surfaces of PopTube Approach-treated (with CNTs) carbon/epoxy composites following uni-

axial tensile testing. 
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 In the PopTube Approach (with CNTs) group, fiber-matrix debonding and some degree 

of matrix failure appear to be the two principal modes of failure.  Many exposed fiber surfaces 

are clean, but matrix fragments remain on the fibers in some locations.  Similar to the virgin 

(without CNTs) group, the most telling characteristics of the PopTube Approach (with CNTs) 

group lie in the nature of the fracture surface itself.  Transverse cracks cut perpendicularly across 

the longitudinal fibers, leaving behind a relatively flat and clean fracture surface.  This indicates 

that little to no cracking parallel to the longitudinal fibers was allowed to occur, which suggests 

that the integrity of the fiber-matrix interface did not readily allow for fiber-matrix debonding to 

occur.  As such, the “crack arresting” mechanism offered by fiber-matrix debonding was not 

operative. In this situation, no means of stress relief is readily available for critically-stressed 

regions, which leads to a less uniform distribution of stress across the composite and local high 

stress “hot spots”.  Any strength gains provided by the increased IFSS (presumably due to the 

presence of CNTs on the fibers) are negated by the increased “notch sensitivity” in the 

composites [56].  In reference to Figure 2-4, these characteristics are likely indicative of a degree 

of fiber-matrix adhesion and IFSS that is above “medium” but below “high”. 

 Along with the damage to the fibers and the reduction in fiber volume fraction, the 

difference in fracture/failure modes due to the presence of CNTs on the fibers likely contribute to 

the declines in composite tensile properties reported in this study.        

2.4 Conclusions 

 This study characterizes the performance of PopTube Approach CNT-reinforced carbon 

fibers and their associated woven carbon fiber/epoxy composites with respect to tensile loading 

and failure.  The tensile properties of both single fibers and woven composites reinforced with 

CNTs via the PopTube Approach are shown to be reduced, with the more significant reductions 
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occurring in the woven composites.   Characteristic strength and strain-to-failure of CNT-

reinforced single fibers is on the order of 10%, which is represents a relatively small amount of 

degradation compared to other existing CNT synthesis/reinforcement schemes.  On the other 

hand, the sizable reductions in composite tensile strength (23.9%) and composite strain-to-failure 

(18.8%) are concerning.  Several contributing factors to these declines in the CNT-reinforced 

composites are identified and studied, including damage to the fibers as a result of CNT growth, 

a reduction in fiber volume fraction due to the reduced capacity for consolidation in the presence 

of CNT-coated fibers, and a shift in fracture/failure mode due to the presence of CNTs on the 

fibers.  Systematic studies on each of these three contributing factors would be required in order 

to quantify the individual, independent effects of each, but evidence presented here shows how 

the three factors related to CNT reinforcement contribute to declines in woven composite tensile 

properties.  

 Several significant concerns with regard to the ultimate use and adoption of CNT-

reinforced composites are highlighted in this study.  Perhaps the most challenging of these 

concerns is the issue of the relationship between fiber-matrix adhesion and composite tensile 

properties.  CNTs are principally employed in composites to improve the integrity of the fiber-

matrix interface, but if the degree of fiber-matrix adhesion is too large, there could be a shift in 

failure mode within the composite under tensile loading, effectively removing the ability for the 

composite system to redistribute stresses and relieve critically stressed regions.  This, in turn, can 

cause reductions in tensile strength and strain-to-failure in the CNT-reinforced composites.  This 

tradeoff must then be carefully considered in the design of CNT reinforcement schemes in order 

to ensure that drastic improvements in delamination resistance do not come at an unacceptable 

expense to in-plane tensile performance.    



36 

  

3 IZOD IMPACT 

3.1 Overview 

As shown in Chapter 2, the PopTube Approach treatment method induces damage in 

carbon fibers. As such, the objective of this study is to examine the effect(s) of the PopTube 

Approach on another axial property of composites: low-speed Izod impact resistance. To this 

end, CNT-reinforced woven carbon fiber (produced via the PopTube Approach) is used to 

manufacture laminate composites.  Two composites processing techniques/material systems are 

considered: wet layup vacuum bagging (with a room temperature-cure epoxy resin) and 

prepregging/press curing (with an elevated-temperature cure polybenzoxazine (PBO) resin). The 

composites produced herein are tested for low-speed impact resistance using the Izod impact test.  

For each processing technique/material system, an untreated group (without CNTs) was tested 

along with a treated group (with CNTs).  Scanning electron microscopy (SEM) was then used to 

characterize the fracture processes in the woven composites.  As such, this experimental study 

serves not only to provide insight into the low speed impact resistance and associated fracture 

processes in CNT-reinforced composite materials via the PopTube Approach, but also to 

determine the viability of two commonly used processing techniques with respect to this novel 

CNT synthesis/implementation method.   
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3.2 Experimental 

3.2.1 Specimen Fabrication 

To characterize the effects of PopTube Approach-treated carbon fiber fabrics on the low-

speed impact resistance of laminate composites, four groups were considered, and are outlined in 

Table 3-1.  

Table 3-1.  Low-speed impact test groups. 

Test 

Group Matrix Material 

Reinforcing 

Material CNTs 

Layup 

Method 

Cure 

Method 

1 
EPON 826/ 

EPIKURE 3230 

Sigmatex twill 

weave carbon 

fiber 

No 
Wet 

layup 

Vacuum 

bagged 

2 
EPON 826/ 

EPIKURE 3230 

Sigmatex twill 

weave carbon 

fiber 

Yes 
Wet 

layup 

Vacuum 

bagged 

3 

Applied 

polybenzoxazine 

(PBO) 

Sigmatex twill 

weave carbon 

fiber 

No Prepreg 
Press-

cured 

4 

Applied 

polybenzoxazine 

(PBO) 

Sigmatex twill 

weave carbon 

fiber 

Yes Prepreg 
Press-

cured  

 

Twill weave carbon fiber (manufacturer: Sigmatex) was used for each of the 4 test 

groups.  For each material system/processing technique used, both a virgin (untreated, as-

received carbon fiber) group and a PopTube Approach-treated group were considered.  Groups 1 

and 2 were comprised of EPON 826 epoxy resin and EPIKURE 3230 hardener.  EPON 826 is a 

low viscosity bisphenol A based epoxy resin, and EPIKURE 3230 is an unmodified D230-type 

polyoxypropylenediamine.  These groups were processed using wet layup followed by vacuum 

bagging.  The composite panels were allowed to cure for 7 days at room temperature.  Groups 3 

and 4 were comprised of applied polybenzoxazine resin.  This resin, which exists as a solid at 
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low temperatures, was dissolved in acetone and the solution was well mixed.  The 

polybenzoxazine-acetone solution was then applied to dry carbon fiber plies and left overnight to 

allow the acetone to evaporate.  Next, the prepregged plies were laid up by hand and vacuum 

bagged.   The laminate composites were press cured at 107°C and 145 kPa for 2 hours and then 

at 177°C and 840 kPa for 3 hours.  

Optical microscopy was used to assess the quality of the laminates produced in this study.   

Figure 3-1 shows a representative qualitative comparison between a vacuum bagged laminate 

and a press-cured laminate.  As expected, the press-cured laminate contains fewer voids and 

shows generally enhanced consolidation throughout.   

 

Table 3-2.  Fiber volume fraction data 

for Izod impact testing. 

Layup Method vf (%) 

Vacuum bagged 49.4±2.6 

Press cured 58.6±1.4 

 

Optical micrographs, along with image analysis software (ImageJ), were used to calculate 

an estimate for fiber volume fraction in the laminates using the areal image analysis method.  

  

(a) (b) 

Figure 3-1.  Izod impact specimen microscopy: (a) Vacuum bagged laminate and (b) 

Press cured laminate. 
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Close-up images of fibers embedded in the matrix were converted to binary images via an 

automated threshold routine. A built-in algorithm was then used to count the number of black 

and white pixels within the area of interest.  Using this information, the volume fractions were 

calculated based on the number of pixels of each constituent material relative to the total number 

of pixels in the region of interest (this approach yields volume fraction values since the area 

associated with each pixel is the same).  The results of this analysis are shown in Table 3-2.   

Although this technique has its drawbacks (selection of fiber/matrix regions can be subjective, 

specimen preparation can influence results, high number of constituent images needed for 

statistical significance, etc.), it offers a straightforward route to the determination of fiber volume 

fraction and its use has been documented in previous studies [48–50].   

Upon curing, standard Izod impact test specimens (80 mm x 10 mm) were cut from the 

composite panels.  A 2 mm notch was then cut into each of the specimens according the notching 

guidelines set forth in the test standard, ISO 180 [57].  Figure 3-2(a) shows a schematic of the 

Izod impact test specimen used in this study. 
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(a) 

 

(b) 

Figure 3-2.  Low-speed impact testing: (a) Izod impact test specimen schematic and 

(b) Galdabini Impact 25 testing machine. 

  

Pendulum 

impactor Release pin 

for impactor 

impactor 

Lower end of 

specimen (below 

notch) fixed here 
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3.2.2 Izod Impact Testing 

The Izod impact tests were performed at the NASA Glenn Research Center in Cleveland, 

Ohio in accordance with ISO 180 [57].  The specimens were tested for low speed impact 

resistance using a Galdabini Impact 25 test machine.  After calibration, each of the 4 groups was 

tested.  5 specimens per group were considered, and each specimen was impacted edgewise.  

Figure 3-2(b) shows the impact test machine used. 

3.2.3 Fracture Surface Characterization 

After specimens were tested for Izod impact resistance, the resulting fracture surfaces were 

examined using scanning electron microscopy (SEM).  Fractured specimens from each group 

were imaged in order to better understand the general fracture/failure processes as well as the 

effects (if any) of the CNT-reinforcement scheme used in this study on the fracture/failure 

processes in woven composites subjected to Izod impact.  A JEOL 7000 FE SEM was used to 

complete this portion of the study.   

3.3 Results and Discussion 

3.3.1 Izod Impact Testing 

As seen in Table 3-3, results vary across test groups with regard to Izod impact 

resistance.  Since two different matrix materials were used – epoxy in groups 1 and 2 and applied 

PBO in groups 3 and 4 – comparisons between the two virgin groups and the two CNT-

reinforced groups are not meaningful for the purposes of this study.  However, useful 

comparisons can be made concerning the relative effects of CNTs in both of the material systems 

considered.  In groups 1 and 2 (epoxy/wet layup/vacuum bagged), the CNT-reinforced group 

exhibited a markedly lower (-15.9%) mean Izod impact resistance.  In groups 3 and 4 
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(PBO/prepreg/press cured), the CNT-reinforced group exhibited a slight improvement (or 

conservatively, no change) in mean Izod impact resistance over the virgin group. 

Table 3-3. Izod impact test results. 

Test Group Izod Impact Strength (kJ/m
2
) 

Vacuum Bagged 
 Without CNTs 52.2 ± 4.66 

 With CNTs 43.9 ± 4.06 

Relative Difference -15.9% 

p-value .037 

Press Cured 
Without CNTs 50.0 ± 3.35 

With CNTs 52.1 ± 7.12 

Relative Difference +4.17% 

p-value .576 

 

The relative difference in results between the epoxy/wet layup/vacuum bagged groups 

and the PBO/prepreg/press cured groups can be accounted for through the difference in specimen 

quality between the two groups.  This concept is supported by the micrographs seen in Figure 

3-1, which qualitatively show the enhanced consolidation and reduced void content offered by 

press curing.  Furthermore, Table 3-2 quantitatively shows a significant improvement (+9.2%) in 

fiber volume fraction in the press-cured laminates.  These observations suggest that the enhanced 

consolidation offered by the press curing process has a significant effect on the effectiveness of 

the CNT-enhanced fabric in reinforcing laminate composites.  Since the presence of CNTs on the 

surface of reinforcing fabrics likely reduces the capacity for the composite to be consolidated in 

curing, it would follow – as the results presented in this study suggest – that vacuum bag curing 

is not an ideal processing technique for this CNT-reinforcing scheme.  Additional pressure, such 

as that offered by press curing (or alternatively, autoclave curing), could overcome much of the 
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matrix material/CNT-enhanced fabrics’ resistance to consolidation in a composite layup – 

thereby taking full advantage of the enhancements offered by CNTs. 

3.3.2 Fracture Surface Characterization 

Izod impact fracture surfaces were analyzed using SEM in order to establish the general 

fracture processes inherent to woven carbon fiber composites and to investigate whether the 

CNT-reinforcement scheme had any effect on the fracture/failure processes of the composites 

considered in this study.   

Figure 3-3 shows an overview of a typical fracture surface in a woven carbon fiber 

composite following failure via Izod impact.  This composite image, which is characteristic of 

each of the specimens (across all four groups) analyzed in this study, shows three key fracture 

zones across the width of the specimen – each of which will be detailed in this section. 

 

Figure 3-3.  Overview of typical fracture surface following failure via Izod impact. 

3.3.2.1 Tensile Fracture Zone 

Beginning from the side with the machined notch (the right-hand side of the image in 

Figure 3-3), where failure initiated, the first distinct zone – the tensile failure zone – can be 

observed.  This zone is characterized by tensile failure in the longitudinal direction (transverse to 

the impact loading direction), with predominant fiber fracture and fiber pull-out.  Figure 3-4 
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presents a more detailed view of the tensile failure zone.  Figure 3-4(a) shows the overarching 

trend of fiber pull-out, with fibers most commonly pulling out in bundles.  In Figure 3-4(b), the 

fracture surfaces of individual fibers show evidence of fiber fracture at a fault, which is typical 

with fiber pull-out [58].  This indicates that the fibers first ruptured in tension at a fault along 

their length, then pulled out of the surrounding matrix material.   

  
(a) (b) 

Figure 3-4.  Tensile failure zone at notch tip: (a) Overview of fibrous tensile fracture zone and 

(b) Close-up view showing fracture surfaces on individual fibers. 

 

It should be noted that no evidence of directly attributable fiber failures (DAFF) could be 

found in this region.  First developed by Purslow [59], DAFF is a concept related to the axial 

tensile failure of laminates, in which the radiating line patterns (“radials”) frequently found on 

the fiber fracture surfaces can be used to track the path of fracture across the failure area.  Where 

DAFF is present, it is possible to use the radials to trace the direction(s) of fracture propagation 

through a bundle of fibers, by attributing the failure of fiber C to the failure of fiber B, and the 

failure of fiber B to the failure of fiber A, for example.  Based on several examples of DAFF 

available in the literature [58–60], the Izod impact fracture surfaces examined did not exhibit 

such failure patterns in this fracture zone.   
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3.3.2.2 Transition Fracture Zone 

Moving away from the tensile fracture zone toward the middle portion of the specimen, 

the primary failure mode observed in the longitudinal fibers shifts from pure tensile failure to 

some combination of tensile and compressive failure.  Figure 3-5 shows this failure zone in 

detail.  Figure 3-5(a) shows the overall nature of the fracture surface in this region.  The fracture 

surfaces seen in this zone are more clean and continuous than those seen in the tensile fracture 

zone, which were largely dominated by fiber rupture and fiber pull-out.  Figure 3-5(b) shows 

evidence of fiber microbuckling [58,60], where the individual fibers have failed in a combination 

of both tension and compression.  This mode of failure can be indicative of either flexural failure 

or compressive failure, but the surrounding matrix material – which appears to have been 

deformed via tension – suggests that this zone experienced some degree of tension (which is 

indicative of flexural failure rather pure compressive failure).  Additionally, there were no fiber 

bundle-scale buckling bands observed in this region, and the majority of the longitudinal fiber 

fracture surfaces were relatively flat across the zone.  While Figure 3-5(b) does not present 

compelling evidence for DAFF in this region, there are some indications of radials on the fibers’ 

fracture surfaces (on the tension side of the neutral axis).  This would suggest that transverse 

cracks caused by tensile opening forces could have moved across this zone, ultimately causing 

fiber failure via flexure.  It should also be noted that abraded surfaces, such as those caused by 

post-failure surface contact in compression failures, were not observed in this zone – giving 

further credence to the idea of flexural failure in this region.   
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(a) (b) 

Figure 3-5.  Transition zone near the middle portion of composite specimen: (a) Overview of 

transition zone, (b) Fiber microbuckling with evidence of tensile failure in the surrounding 

matrix material. 
 

3.3.2.3 Compressive Fracture Zone 

At the far end of the Izod impact specimen (furthest from the machined notch), the third 

distinct zone – the compressive failure zone – can be seen.  Figure 3-6 shows the micro-scale 

fracture processes in this region.   Figure 3-6(a-b) shows an example of axial compression 

failure, where the roughened failure plane shown is indicative of axial compression failure [58].  

In this instance, the compression fracture surface has been abraded by the post-failure movement 

of once-mated surfaces.  The destructive nature of this post-failure movement is further 

illustrated by the chaotic array of fragmented fibers left behind in the fracture area.  Figure 3-6(c-

d) also shows an axial compression failure site, but in this case, there has been no post-failure 

abrasion of the fracture surface.  As such, the compression failure of individual fibers can be 

clearly seen.  The individual fibers have failed in a combination of compression and tension, 

which is characteristic of fiber microbuckling [58,60].  Note the differences between the fracture 

surface seen in Figure 3-6(d) and the fracture surface seen in Figure 3-5(b).  In Figure 3-6(d), the 
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areas surrounding the fractured fibers consist of crushed matrix and fiber particles, which 

represent the remnants of compressive failure in the composite.  As previously mentioned, the 

areas surrounding the fractured fibers in Figure 3-5(b) consist of matrix material which has 

undergone tensile deformation. While both fracture zones show evidence of fiber microbuckling, 

the underlying causes of this mode of failure are shown to be different.    
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(a) (b) 

  

(c) (d) 

Figure 3-6.  Compressive failure zone at opposite end from notch tip: (a) Site of axial compression failure, showing a 

microbuckling band and abraded fracture surface caused by post-failure movement; (b) Close-up view of microbuckling band; 

(c) Additional site of axial compression failure, showing evidence of microbuckling in individual fibers but no signs of post-

failure contact abrasion; and (d) Microbuckling in individual fibers, clearly showing the combination of compressive and 

tensile failure demarcated by a neutral axis. 
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3.3.2.4 Effects of CNTs on Izod impact fracture processes 

Based on the SEM analysis conducted in this study, no significant differences could be 

discerned with regard to fracture processes in virgin and CNT-reinforced composites.  The 

fracture surface characterization completed in this study suggests that Izod impact strength in 

composites is primarily a function of the axial properties (axial tensile strength and axial 

compressive strength) of the reinforcing fibers.  This would suggest that the major benefits 

offered by CNTs – including enhanced fiber/matrix adhesion and interlaminar shear strength – 

are not utilized in a significant manner in an Izod impact loading event. 

3.4 Conclusions 

This study characterizes the performance of CNT-reinforced woven composites with 

respect to Izod impact loading and failure.  Through a series of Izod impact tests, it is shown that 

(1) Simplified composite processing/manufacturing techniques, such as wet layup/vacuum 

bagging, are not ideal for use with the novel CNT reinforcement technique (the PopTube 

Approach) considered in this study; and (2) The PopTube Approach CNT reinforcement scheme 

does not offer drastic improvements in terms of Izod impact strength in woven composites.  

Through a comprehensive analysis of Izod impact fracture surfaces, general fracture processes 

are identified and described for woven composites.  Three distinct zones are detailed in this 

analysis, including the tensile fracture zone (nearest the machined notch tip; characterized by 

fiber rupture and fiber pull-out), the transition fracture zone (near the middle of the composite 

specimen; characterized by a combination of tensile and compressive failure in fibers), and the 

compressive fracture zone (furthest from machined notch tip; characterized by compression 

failure of fibers/fiber bundles).  From this fracture surface analysis, it is concluded that the nature 

of the loading in an Izod impact event is such that the potential enhancements offered by CNTs 
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are not harnessed in a significant way in this particular type of loading event. It is also observed 

that any damage induced in the fibers by the CNT reinforcement scheme considered herein does 

not adversely affect the Izod impact resistance of woven composites. 
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4 MODE I FRACTURE 

4.1 Overview 

In this chapter, PopTube Approach-treated woven carbon fiber/epoxy composites are 

characterized with respect to Mode I fracture.   ASTM D5528 [61] was used to determine the 

Mode I fracture toughness for both virgin composites (without CNTs) and PopTube Approach-

treated composites (with CNTs). Scanning electron microscopy (SEM) was then used to clarify 

the experimental results and further understand the fracture processes in the virgin and CNT-

reinforced laminate composites.  Together, these quantitative and qualitative characterization 

methods are used to develop an understanding of the behavior of CNT-reinforced woven carbon 

fiber/epoxy composites enabled by the PopTube Approach with respect to Mode I fracture. 

4.2 Experimental 

4.2.1 Mode I Fracture Toughness Tests 

The double cantilever beam (DCB) test was employed to determine the Mode I fracture 

toughness of carbon/epoxy composites enhanced by the PopTube Approach.  ASTM D5528 [61] 

was used as a guide for this testing.  Initially, DCB specimens with a 50 mm precrack were used; 

however, this led to excessive specimen arm deflection (and ultimately, specimen arm failure) 

before the crack was able to propagate more than 5-10 mm.  Upon recommendation by the test 

standard [61], the precrack length was shortened to 25 mm to alleviate these complications.  

With regard to fabric selection, the PopTube Approach has been successfully implemented and 

subsequently refined using woven carbon fiber fabric; therefore, this same material was used in 
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this study.  For comparison, both virgin (as-received carbon fiber) and PopTube Approach-

treated (CNT-reinforced carbon fiber) groups were tested.  For the matrix material, EPON 826 

epoxy resin and EPIKURE 3230 hardener were used (manufacturer: Momentive Chemical).  

EPON 826 is a low viscosity bisphenol A based epoxy resin, and EPIKURE 3230 is an 

unmodified D230-type polyoxypropylenediamine.  Composite panels were laid up by hand, 

vacuum bagged, and cured in a hot-platen press.   Figure 4-1 illustrates the composite fabrication 

method used.   
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Figure 4-1.  Composite fabrication method for DCB test. 
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The panels were 14 layers thick (≈2.4 mm) and approximately 150 mm square.  To 

characterize the relative effects of CNTs grown on the fabric surface using the PopTube 

Approach, CNT-reinforced twill weave fabric plies were placed on either side of the midplane 

(layers 7 and 8).  In order to conserve the number of PopTube Approach-treated plies, stock (as-

received) woven plies were used to comprise the remainder of the laminate – noting that the 

interlaminar fracture location of interest is along the midplane of the laminate.   This technique 

was previously used by Wicks et al. [62].  This approach is further reinforced by observing that 

ASTM D5528 directs the user to discard any test data gleaned from a DCB specimen where the 

crack deviates from the midplane.  Except for the presence of CNT-reinforced plies on either 

side of the midplane, composite configuration was held constant between the virgin and PopTube 

Approach-treated groups.  During layup, a thin (25.4 μm) non-stick film was placed at the 

midplane of the laminates (between layers 7 and 8) so as to create a 25 mm precrack.  Upon 

curing, samples were taken from each panel and examined using optical microscopy to confirm a 

sufficient fiber volume fraction and minimal void content were achieved.  Additionally, the 

panels were examined using infrared thermography (IRT) to ensure the quality of the cured 

composites.  Figure 4-2 shows typical images obtained using optical microscopy and IRT.  

Figure 4-2(c.) and (d.) illustrate the presence of the non-stick film at the midplane, where the 

lighter area represents the fully bonded region of the composite and the darker area represents 

the pre-cracked region. 
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(a) (b) 

  
(c) (d) 

Figure 4-2.  Optical micrography and infrared thermography for DCB composite panels.  Typical optical micrographs of 

composite manufactured with (a.) Virgin carbon fiber and (b.) PopTube Approach-treated carbon fiber; Typical infrared 

thermographic images of composite panel manufactured with (c.) Virgin carbon fiber and (d.) PopTube Approach-treated carbon 

fiber, where the non-stick inserts are represented by the darkened areas. 
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 25 mm x 125 mm specimens were then cut from the composite panels using a diamond-

tipped wet saw.  To accommodate the Mode I loading necessary for the DCB test, piano hinges 

were bonded onto either side of the composite specimens using Loctite EA 9394 epoxy adhesive.  

An optical microscope was used to precisely locate the tip of the precrack.  This location was 

marked, and the specimens’ edges were then coated with a thin layer of white correction fluid.  

Visual marks were made at 1 mm and 5 mm increments on the specimens’ edges so as to aid in 

the location of the crack tip during testing.  The specimens were then tested using an MTS 

Alliance RT/50 load frame equipped with a 50 kN load cell and standard mechanical wedge 

grips.  Specimens were loaded in tension at a rate of 2.54 mm/min, while load and crosshead 

displacement were recorded on the accompanying testing software.  Crack growth was recorded 

using a digital microscope and accompanying software. Figure 4-3 shows a schematic of the test 

specimen used in this study.  The crack was allowed to grow 45-50 mm, which typically 

occurred within 14-15 minutes.  8 specimens were successfully tested for the virgin (without 

CNTs) group and 9 specimens were successfully tested for the PopTube Approach-treated (with 

CNTs) group.   
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Figure 4-3.  Double cantilever beam (DCB) test specimen schematic. 

 

4.3 Results and Discussion 

4.3.1 Mode I Fracture Toughness Tests 

ASTM D5528 offers several data reduction methods for calculating Mode I fracture 

toughness values.  As recommended by the standard, the Modified Beam Theory (MBT) method 

[63] – which is the most conservative of the schemes offered – was used in this study.  For 

comparison, the Modified Compliance Calibration (MCC) method [64] was also used.  Both the 

MBT and MCC reduction schemes offer multiple fracture toughness values for a given 

specimen, including values at the initiation of the crack (from the precrack) and throughout the 
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propagation of the crack.  As prescribed by ASTM D5528, the fracture toughness values reported 

are taken from: the point of deviation from linearity in the load vs. displacement curve (NL), the 

point at which delamination is visible on the edge (VIS), and the point at which compliance has 

increased by 5% or the load has reached a maximum value (5%/Max).  Average values 

representing the steady state propagation facture toughness values (SS) were also taken.  Table 

4-1 summarizes the results from this testing program.   

Table 4-1: Double cantilever beam (DCB) test results. 

Test Group 
Mean Mode I Fracture Toughness, GIc (kJ/m

2
) 

NL VIS 5%/Max SS 

Modified 

Beam Theory 

Without CNTs 0.21±.03 0.35±.11 0.66±.08 0.97±.06 

With CNTs 0.29±.12 0.53±.19 0.62±.13 0.90±.11 

Relative 

Difference 
+38% +51% -6.1% -7.2% 

p-value .083 .041 .457 .164 

Modified 

Compliance 

Calibration 

Without CNTs 0.21±.03 0.35±.10 0.66±.10 0.98±.07 

With CNTs 0.29±.11 0.52±.19 0.63±.13 0.91±.12 

Relative 

Difference 
+38% +49% -4.5% -7.1% 

p-value .059 .044 .530 .195 

 

The PopTube Approach-treated (with CNTs) test group showed marked improvements in 

Mode I fracture toughness upon crack initiation.  With regard to the NL metric, PopTube 

Approach-treated composites exhibited a 38% increase in fracture toughness according to both 

the MBT and MCC methods.  With regard to the VIS metric, PopTube Approach-treated 

composites exhibited a 51% increase in fracture toughness according to the MBT method and a 
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49% increase according to the MCC method.  This trend is reflected in Figure 4-4(a), which 

shows mean fracture toughness values in the crack initiation zone (defined herein as 0-5 mm 

crack growth).     

However, beyond the crack initiation zone, the PopTube Approach-treated (with CNTs) 

test group showed small declines in Mode I fracture toughness.  According to the 5%/Max 

metric, PopTube Approach-treated composites showed decreases of 6.1% and 4.5% according to 

the MBT method and MCC method, respectively.  Additionally, decreases were seen in PopTube 

Approach-treated composites with regard to steady state fracture toughness values – 7.2% as 

determined by the MBT method and 7.1% as determined by the MCC method.  This trend can be 

seen in Figure 4-4(b), which shows mean fracture toughness values in the crack propagation 

zone (defined herein as 20-35 mm crack growth).  Please note that this region corresponds to the 

zone where fracture toughness values reached approximately steady state. 
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Figure 4-4.  Mean Mode I fracture toughness values: (a) in the crack initiation zone (0-5 mm 

crack growth) and (b) in the crack propagation zone (20-35 mm crack growth). 

 



61 

  

The reason(s) for this disparity in the experimental results – the dissimilar trends observed 

in the crack initiation zone and the crack propagation zone – were not immediately clear; 

therefore, a fractography study was undertaken to clarify the experimental results and further 

understand the underlying fracture processes in the woven composites of interest.   

4.3.2 Fractography 

Scanning electron microscopy (SEM) was used to examine the fractography of virgin and 

PopTube Approach-treated DCB test specimens.  In order to clarify and better understand the 

results seen in the experimental program of this study, the two previously mentioned fracture 

zones were examined – the crack initiation zone and the crack propagation zone.  To ensure a 

valid comparison between the two test groups, specimens were imaged in the region of 0-5 mm 

of crack growth for the crack initiation zone study and in the region of 25-30 mm of crack 

growth for the crack propagation zone study.  Four specimens from each of the two test groups 

were examined.  As previously explained, PopTube Approach-treated composites showed 

significant improvements (ranging from +38% to +51%) in Mode I fracture toughness in the 

crack initiation zone, but showed decreases (ranging from -4.5% to -7.2%) in the region outside 

the crack initiation zone. 

Figure 4-5 shows fractography for virgin composite specimens.  A typical R-curve from 

the experimental program is shown in Figure 4-5(a), while Figure 4-5(b-d) show typical fracture 

surfaces seen in fractured virgin (without CNTs) composites.  Figure 4-6 shows fractography for 

PopTube Approach-treated (with CNTs) composites, with a typical R-curve shown in Figure 

4-6(a) and typical fracture surfaces shown in Figure 4-6(b-d).  
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(a) (b) 

  
(c) (d) 

Figure 4-5. (a) Typical R-curve for virgin carbon fiber/epoxy composite, (b) Fracture surface at the tip of the precracked portion, (c) 

Fracture surface in the crack initiation region showing flat fracture between plies, and (d) Fracture surface in the crack propagation 

region showing primarily fiber-matrix interface failure and secondarily rough matrix cohesive failure. 
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(a) (b) 

  
(c) (d) 

Figure 4-6. (a) Typical R-curve for PopTube Approach-treated carbon fiber/epoxy composite, (b) Fracture surface at the tip of the 

precracked portion, (c) Fracture surface in the crack propagation region some rough matrix cohesive failure and some fiber 

breakage, and (d) Fracture surface in the crack propagation region showing widespread fiber/tow breakage. 
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Figure 4-7 and Figure 4-8 compare the fracture surfaces/processes seen in the virgin and 

PopTube Approach-treated groups in the crack initiation zone and crack propagation zones, 

respectively.   For reference, the direction of Mode I crack growth is identified in each set of 

images.  As seen in Figure 4-7, virgin composites typically displayed clean, smooth fiber 

depressions in the crack initiation zone – indicating failure at the fiber-matrix interface.  In 

contrast, PopTube Approach-treated composites generally exhibited a rougher fracture surface at 

crack initiation. This is indicative of a stronger fiber-matrix interface bond (presumably due to 

the presence of CNTs along the surface of the fibers), which would have forced the crack into the 

generally tougher matrix material – thereby leading to a comparatively higher fracture toughness 

in this region.  As shown in Figure 4-8, neither virgin composites nor PopTube Approach-treated 

composites exhibited the characteristics of fiber-matrix interface failure in the crack propagation 

zone.  Rather, both groups displayed elements indicative of rough matrix cohesive failure; in the 

case of the PopTube Approach-treated composites, fiber/tow breakage was also seen.  Figure 

4-8(a.) shows extensive rough cohesive failure in the matrix material, which is typically 

associated with higher fracture toughness values.  Figure 4-8(b.) also displays some rough matrix 

cohesive failure, but the most glaring fracture process revealed in this instance is the fiber/tow 

breakage.  Similar fiber/tow breakage was seen in a number of the PopTube Approach-treated 

specimens considered, but was not present in the virgin specimens considered.  This discrepancy 

could possibly be explained by the difference in the fibers’ axial strength and strain-to-failure.  

As shown in Chapter 2, the PopTube Approach CNT synthesis method causes some degree of 

damage to the fibers themselves.  If the PopTube Approach damages the fibers in the treatment 

process to the extent that Mode I loading in the DCB test can cause premature fracture in the 

fibers themselves in the crack propagation region, it would stand to reason that the steady-state 
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Mode I fracture toughness of PopTube Approach-treated composites would be reduced relative 

to virgin (and thereby undamaged) composites.  It should also be noted that widespread fiber 

breakage was not observed in either group in the crack initiation zone; this fracture process 

appears to be onset only in the crack propagation zone.   
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(a.) (b.) 

  
(c.) (d.) 

Figure 4-7. Comparison of fracture surfaces of virgin and PopTube Approach-treated composites in the crack initiation zone (0-

5 mm crack growth): (a.) SEM image of the fracture surface of a virgin specimen, (b.) zoomed-in image showing clean fiber 

depressions indicating fiber/matrix interface failure in the virgin specimen, (c.) SEM image of the fracture surface of a 

PopTube Approach-treated specimen, and (d.) zoomed-in image showing rough matrix cohesive failure indicating a strong 

fiber/matrix interfacial bond.   
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(a.) (b.) 

 
 

(c.) (d.) 

Figure 4-8. Comparison of fracture surfaces of virgin and PopTube Approach-treated composites in the crack propagation zone 

(25-30 mm crack growth): (a. ) SEM image of the fracture surface of a virgin specimen, (b.) zoomed-in image showing 

primarily rough cohesive matrix failure, (c.) SEM image of the fracture surface of a PopTube Approach-treated specimen, and 

(d.) zoomed-in image showing tow fracture and an underlying clean tow surface, indicating that the crack may have jumped to 

an adjacent ply via fiber/tow breakage.   

crack 

crack 



68 

  

4.4 Conclusions 

 This study offers valuable insight into the Mode I fracture behavior of CNT-reinforced 

carbon/epoxy composites enabled by the PopTube Approach.  Double cantilever beam (DCB) 

test specimens were manufactured using woven carbon fiber and epoxy, and were tested for 

Mode I fracture toughness according to ASTM D5528.  Both virgin (without CNTs) and 

PopTube Approach-treated groups (with CNTs) were considered.  Fracture surfaces were studied 

using SEM in order to clarify and better understand the underlying Mode I fracture processes 

that occurred in the experimental program.  The results of this study offer several conclusions 

with regard to PopTube Approach CNT-reinforced composites.  PopTube Approach-treated 

composites showed significant improvements in Mode I fracture toughness upon crack initiation, 

but showed small declines in the crack propagation region.  Based on SEM images of fractured 

DCB specimens, the improved fracture toughness values seen in PopTube Approach-treated 

composites in the crack initiation zone can be attributed to enhanced fiber-matrix interface 

bonding – which can be credited to the presence of CNTs along the surface of the treated fibers.  

Fractography also suggests that in the crack propagation zone, fiber-matrix interface failure was 

not the prevailing failure mechanism in either of the test groups.  In this region, PopTube 

Approach-treated composites suffered from fiber/tow breakage while virgin composites largely 

did not.  It is possible that the PopTube Approach treatment process damages the fibers to the 

extent that Mode I loading can eventually cause premature failure of fibers (as compared to 

undamaged virgin fibers).  This could then account for the lower fracture toughness values 

observed in the CNT-reinforced composites. While the PopTube Approach route to CNT-

reinforced composites should ultimately provide for enhanced Mode I fracture toughness in both 

the crack initiation and crack propagation zones, the improvements in initiation fracture 
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toughness presented in this study are significant and should not be overlooked.   Enhancements 

in the CNT synthesis process could alleviate the issues related to the propagation fracture 

toughness by way of reducing the damage induced in the fibers.   
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5 MODE II FRACTURE 

5.1 Overview 

In this study, the PopTube Approach is used to grow CNTs on the surface of woven carbon 

fiber, which is in turn used to manufacture carbon/epoxy laminate composites.  The CNT-

reinforced composites are tested for Mode II fracture toughness using the end-notched flexure 

test.  Both virgin composites (without CNTs) and PopTube Approach-treated composites (with 

CNTs) were considered for comparison.  Scanning electron microscopy (SEM) was then used to 

clarify the experimental results and identify relevant fracture mechanisms on the micro-scale.  

Together, these quantitative and qualitative methods are used to develop a better understanding 

of the Mode II fracture behavior of CNT-reinforced woven carbon/epoxy composites enabled by 

the PopTube Approach synthesis technique.    

5.2 Experimental 

5.2.1 Mode II fracture toughness tests 

 First introduced by Russell and Street [65], the end-notched flexure test has long been 

used by composites researchers to measure the Mode II interlaminar fracture toughness of 

laminated composites.  Despite its widespread use in the composites community, no ASTM 

standard existed for the determination of Mode II fracture toughness of fiber-reinforced 

composites until 2014.  ASTM International’s D30.06 Subcommittee encountered a number a 

challenges with regard to the standardization of a test method to accurately measure Mode II 

interlaminar fracture toughness.  In the late 1990’s, the four point bend end-notched flexure 



71 

  

(4ENF) test was considered to be the most viable candidate for standardization, and accordingly, 

efforts were focused in this area [66].  However, a series of studies eventually showed that the 

three point bend end-notched flexure (3ENF or ENF) test was inherently more accurate in 

quantifying the true Mode II fracture toughness of laminated composites [67–70]. In end-notched 

flexure tests, a combination of factors – including geometric nonlinearities, friction, and test 

fixture compliance, among others – can lead to differences between the true and apparent 

toughness values.  The differences between the true and apparent toughness values in the 4ENF 

test were shown to be larger than those in the 3ENF test.  Therefore, efforts were refocused on 

the standardization of the 3ENF test, and in 2014, an ASTM standard for this test method was 

adopted [71].   

 In practice, the 3ENF test is cumbersome to carry out.  Crack growth in the 3ENF test is 

not stable [71]; therefore, it can be difficult to generate the compliance calibration (specimen 

compliance vs. crack length) curve necessary for the calculation of Mode II fracture toughness 

with a single test specimen.  However, crack growth in the 4ENF test is stable.  As such, the 

compliance calibration curve – and therefore, the Mode II fracture toughness – can easily be 

determined using a single specimen [55]. 

 In view of the aforementioned considerations, the 4ENF test was chosen for this study.  

Because a direct comparison between two material systems (woven carbon/epoxy without CNTs 

and woven carbon/epoxy with CNTs) is sought in this work, the chief drawback with the 4ENF 

test – the accuracy of apparent Mode II fracture toughness values relative to the true values – is 

not considered to be significant for this study’s purposes.  With all test parameters and conditions 

(specimen manufacture, specimen geometry, loading fixture, loading parameters, crack growth 

measurement, data reduction, etc.) held constant between the two material systems considered, 
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the 4ENF test should allow for a valid comparison to be made between the Mode II fracture 

toughness properties of said material systems.   

 Laminate composites, both with CNTS and without CNTs, were produced for the 4ENF 

test.  Panels – 14 plies thick (≈2.4 mm) and approximately 150 mm square – were laid up by 

hand, vacuum bagged, and cured in a hot-platen press.  For the matrix material, EPON 826 (a 

low viscosity bisphenol A based epoxy resin) and EPIKURE 3230 (an unmodified D230-type 

polyoxypropylenediamine hardener) were used.  In the CNT-reinforced group, CNT-reinforced 

twill weave fabric layers were placed on either side of the midplane to characterize the relative 

effects of CNTs produced by the PopTube Approach.  The remainder of the laminate thickness 

was filled out with as-received woven carbon fiber.  This procedure, which was also used for 

Mode I fracture toughness testing in Chapter 4, allowed for a drastic reduction in the number of 

CNT-reinforced fabric plies (which are difficult to produce in high volume) needed for this 

study.  During layup, a thin (25.4 μm) nonstick layer was placed at the midplane so as to create a 

40 mm precrack (from one end) in the specimens.  A schematic of the composite layup schedule 

can be seen in Figure 5-1.   
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Figure 5-1. Composite fabrication method for end-notched flexure testing. 
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Test specimens, measuring 125 mm x 25 mm, were cut from the composite panels using a 

diamond-tipped wet saw.  Eight test specimens were produced for each of the two test groups.   

 In accordance with the 4ENF test procedure, specimens were loaded in flexure in a 4-

point bend fixture.  The two upper loading points were spaced 60 mm apart, while the two lower 

load points were spaced 100 mm apart.  Loading was applied at a crosshead rate of 0.5 mm/min, 

and crack growth was continuously monitored using a digital microscope.  Five unloading-

loading cycles were performed (as is commonly done with the 4ENF test), where the crack was 

allowed to steadily propagate 3-5 mm with each cycle.  Load and crosshead displacement were 

recorded automatically by the testing software, and were ultimately correlated to the crack 

growth record.   

5.2.2 Data reduction 

 For each loading cycle, specimen compliance was calculated from the load vs. crosshead 

displacement curve.  The compliance values were then plotted against crack length values for 

each respective loading cycle to produce a compliance vs. crack length curve, which is 

approximately linear in nature.  Strain energy release rates (SERR) were calculated using the 

compliance calibration (CC) technique [55,67,70,72–81], where the expression used is given by  

    
  

  

  

  
  (5-1) 

where P is the applied load, w is the specimen width, a is the crack length, and dC/da is the slope 

of the compliance vs. crack length curve.  Using this expression, GII values were calculated for 

each of the five loading cycles within a given test.  Of the eight 4ENF specimens tested in each 

group, 6 virgin (without CNTs) tests were successful, and 7 CNT-reinforced tests were 

successful.  In each of the three unsuccessful tests, the crack appeared to jump significantly away 
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from the midplane – effectively invalidating the underlying assumptions used to determine Mode 

II interlaminar fracture toughness in this test procedure.  As noted above, the nature of ENF 

testing as performed herein allows for the determination of 5 unique Mode II fracture toughness 

values per specimen tested.  As such, a total of 30 data points were captured for the virgin group, 

while a total of 35 data points were captured for the CNT-reinforced group.  Figure 5-2 provides 

additional detail with regard to the 4ENF testing carried out in this study.    
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(a) 

 

 

(b) (c) 

Figure 5-2.  4ENF testing: (a) Representative load vs. deflection curves for 5 loading 

cycles in a given 4ENF test (with unloading portions removed for clarity); (b) 4ENF test 

configuration, showing four point bend fixture and digital microscope for crack growth 

monitoring; and (c) Representative compliance vs. crack length curve, where the slope of 

the linear trendline is taken as the quantity dC/da. 
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5.3 Results and Discussion 

5.3.1 Mode II fracture toughness tests 

 Results from the 4ENF testing for Mode II fracture toughness carried out in this study are 

shown in Table 5-1.  With respect to Mode II fracture toughness, the CNT-reinforced group 

showed an increase of 7.34% over the virgin group.   

Table 5-1. 4ENF test results. 

Test Group 
Mode II Fracture Toughness 

(kJ/m
2
) 

Without CNTs 0.767 ± 0.072 

With CNTs 0.824 ± 0.110 

Relative Difference +7.34% 

p-value .016 

 

5.3.2 Fractography 

 In an effort to qualitatively explain the results in this study, SEM was used to examine 

fracture surfaces from both of the test groups.  Fracture surfaces of virgin 4ENF specimens are 

shown in Figure 5-3.  For reference, the direction of Mode II crack growth is identified for each 

image.  Figure 5-3(a-b) shows a transverse tow region, where the Mode II delamination 

propagated perpendicular to the fiber direction.  Fiber breakage can be observed in this region, 

along with some remnants of matrix material left behind by a once-adjacent longitudinal tow.  

The fracture surface appears to be mostly flat, with the small amount of remaining matrix 

material being largely featureless – indicating that a relatively low amount of energy was 

required to create the fracture surface [82].  Additionally, the fiber surfaces seen in Figure 5-3(a-

b) are mostly clean and devoid of significant amounts of matrix material.    Based on this 
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observation, along with the lack of evidence of ductile deformation of the matrix material, the 

predominant failure mechanism in the transverse tow region appears to be fiber-matrix interface 

failure.  Figure 5-3(c-d) shows a longitudinal tow region, where the Mode II delamination 

propagated along the fiber direction.  Fiber surfaces in this region are largely clean, with only 

small amounts of matrix material present in several locations.  Similar to the transverse tow 

region, the principal failure mode in the longitudinal tow region appears to be fiber-matrix 

interface failure.    

  

(a) (b) 

  
(c) (d) 

Figure 5-3.  Fractography for virgin 4ENF specimens. 

 

crack 

crack 

crack 

crack 



79 

  

 Fracture surfaces of CNT-reinforced 4ENF specimens are shown in Figure 5-4.  Figure 

5-4(a-b) shows a transverse tow region, where the Mode II crack propagated perpendicular to the 

fiber direction.  Widespread fiber breakage can be observed here, as well as ductile deformation 

in the matrix material.  Both of these features (especially the latter) are indicative of a strong 

fiber-matrix interface, as the Mode II crack has been forced along a more tortuous path that 

required fracture of the tougher bulk matrix and the fibers themselves.  Figure 5-4(c-d) shows a 

longitudinal tow region, where the crack propagated along the fiber direction.  Ductile 

deformation of the bulk matrix can be seen here as well, with cusps of matrix material present 

across the region.  These cusps are commonly observed in fracture surfaces that result from 

Mode II delaminations [83–85], and are typically attributed to shear tearing and yielding of the 

matrix material [84].  The fracture mechanism in the longitudinal tow region appears to be some 

combination of fiber-matrix interface failure and bulk matrix failure.  While fiber surfaces can be 

observed here, they are not as clean as to be expected in pure fiber-matrix interface failure.  On 

the whole, fibers have remained embedded in the surrounding matrix material, which has clearly 

undergone significant deformation as a result of the Mode II loading.  This observation is 

evidenced by the roughened cusps of the matrix material present in between and on top of the 

fibers in the longitudinal tow region.   
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(a) (b) 

  
(c) (d) 

Figure 5-4.  Fractography for CNT-reinforced 4ENF specimens. 

 

 In the transverse tow region, fracture surfaces from both groups showed that fiber 

breakage occurred during the fracture process.  The chief difference between the two groups in 

this region is the presence of ductile deformation of the matrix material in the CNT-reinforced 

group.  The CNT-reinforced group shows extensive evidence of ductile deformation in the 

matrix material as a result of the Mode II loading, while the virgin group shows almost none.  In 

the longitudinal tow region, fracture surfaces from both groups suggest that some degree of 

fiber-matrix interface failure occurred during the fracture process.  However, the CNT-reinforced 

group shows fibers with large amounts of matrix material still attached, while the virgin group 
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shows fibers with mostly clean surfaces.  Furthermore, the remaining matrix material in the 

CNT-reinforced group has a roughened, deformed appearance – signifying the occurrence of 

ductile fracture in the matrix material.   These characteristics – from both the transverse tow 

region and the longitudinal tow region – suggest that the presence of CNTs on the surface of the 

fibers led to enhanced bonding between the fibers and the matrix material.  As such, the failure 

path in the CNT-reinforced composites was forced away from the relatively weak fiber-matrix 

interface and into the tougher surrounding matrix material – which would account for the 

improvement in steady-state Mode II fracture toughness measured using the 4ENF test.    

5.4 Conclusions  

 In this study, the performance and behavior of CNT-reinforced composites subjected to 

Mode II delamination were characterized.  Woven carbon fiber plies were reinforced with CNTs 

using a novel approach referred to as the PopTube Approach.  Carbon/epoxy laminates were 

produced using vacuum bagging and a hot-platen press.  Composite specimens – both virgin 

(without CNTs) and treated (with CNTs) – were tested for Mode II fracture toughness using the 

4ENF test, and the resulting fracture surfaces were examined using SEM.  Results from the 

4ENF tests show that the CNT-reinforced composites showed a 7.34% improvement in Mode II 

fracture toughness over the virgin composites.  The fractographic images presented herein help 

to explain this improvement.  In the virgin composites, failure at the relatively weak fiber-matrix 

interface appears to be the predominant fracture mechanism in both the transverse and 

longitudinal tow regions.  In the CNT-reinforced composites, failure is shown to be forced away 

from the fiber-matrix interface and into the tougher matrix material surrounding the fibers.  This 

suggests that bonding between the fiber and matrix is enhanced in the CNT-reinforced 

composites, which can be attributed to the presence of CNTs on the surface of the fibers.    
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6 DROP-WEIGHT IMPACT AND COMPRESSION AFTER IMPACT 

6.1 Overview 

In this chapter, carbon fiber/epoxy composites reinforced via the PopTube Approach are 

characterized with respect to drop-weight impact and compression after impact (CAI).  As 

discussed in Chapter 1, composites exhibit undesirable features related to their matrix and 

interphase zone-dominated properties, including poor through-thickness strength, interfacial 

shear strength, and interlaminar fracture toughness.  Because of these deficiencies, composites 

are especially susceptible to out-of-plane impact damage.  This damage can result from events 

ranging from the accidental drop of a tool during fabrication to the ballistic impact of debris in 

space.  As such, over the course of a composite structure’s service life, some degree of impact 

damage in a given component is practically unavoidable.  Therefore, composite materials should 

be designed with a focus on impact resistance, in order to ensure that composites structures are 

able to perform satisfactorily after an impact-damage event.  

 In an out-of-plane impact event, matrix cracks typically form within the laminate as a 

result of through-thickness shear stresses generated by the impact forces.    In the case of low-

velocity impact, delaminations occur as the matrix cracks extend between plies.  These 

delaminations can proliferate as interlaminar shear stresses (caused by the flexural loading on the 

composite during impact) drive inter-ply crack growth [86].  This is akin to Mode II fracture, 

which is generally governed by the ability of the bulk matrix and the fiber-matrix interphase 

zone to resist interlaminar shear stresses.  Accordingly, if the bulk matrix and/or the fiber-matrix 
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interphase zone can be reinforced, the impact resistance of the composite material can be 

enhanced.  Carbon nanotubes (CNTs) are an ideal candidate to accomplish this reinforcement, 

due to their excellent mechanical properties, high aspect ratio, and specific surface area [86]. 

A number of researchers have studied the effects of CNTs on the impact and after-impact 

properties of composites [44,86–88].  Kostopoulos et al. [86] used multi-walled carbon 

nanotubes (MWCNTs) dispersed in the bulk matrix of carbon fiber reinforced composites, and 

found that CNTs had no major effects on the low-velocity impact properties at low impact 

energy levels.  However, their study also found that the after-impact properties of composites 

were improved by CNTs, which was attributed to the widespread fracture and pull-out of CNTs 

during failure in compression.  Siegfried et al. [44] used several CNT 

dispersion/functionalization configurations in carbon fiber/epoxy composites, and tested them for 

Mode II interlaminar fracture toughness as well as low-velocity impact and compression-after-

impact (CAI).  It was found that the material system with the highest Mode II fracture toughness 

corresponded with the system with the best CAI strength.  However, the study’s best CNT-

reinforced material system led to only a 1.0% improvement in residual compressive strength 

(over the baseline), while each of their CNT-reinforced systems led to an increase in delaminated 

area due to impact.  The latter effect was attributed to the composites’ increased vulnerability to 

matrix cracking caused by the CNTs’ perceived inefficiency in compression and shear loading.  

Ashrafi et al. [87] dispersed single walled carbon nanotubes (SWCNTs) into an epoxy matrix, 

and then impregnated (prepregged) unidirectional carbon fiber with the reinforced matrix 

material.  It was found that 0.1 wt.% SWCNTs led to a 5% reduction in delaminated area due to 

impact, a 3.5% increase in CAI strength, a 13% increase in Mode I fracture toughness, and a 

28% increase in Mode II fracture toughness.  Yokozeki et al. [88] used cup-stacked carbon 
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nanotubes (CSCNTs) in an epoxy matrix with unidirectional carbon fiber, and found that the 

CSCNTs offered slight enhancement/no degradation of the composites’ CAI strength along with 

clear improvements in Mode I and Mode II fracture toughness.  A summary of these 

experimental results is shown in Table 6-1. 

Table 6-1.  Comparison experimental results from existing studies. 

 Reported results relative to baseline groups (%) 

Study 

Mode I 

fracture 

toughness 

Mode II 

fracture 

toughness 

Absorbed 

impact 

energy 

Delaminated 

area 

CAI 

strength 

Kostopoulos et al. [86] - 77.3 ~0 - ~3 ~0 - ~4 12 - 15 

Siegfried et al. [44] - 8.4 - 21.8 -6.1 - 0.4 8.7 - 12.7 -3.4 - 1.0 

Ashrafi et al. [87] 3.0 – 13.0 12.4 – 27.4 - -5.2 3.5 

Yokozeki et al. [88] 97.7 29.9 - -2.96 - -1.48 0.57 - 7.43 

 

In this chapter, CNT-reinforced woven carbon fiber/epoxy composites are used to produce 

sandwich panel test specimens.  The composite facesheets are subjected to drop-weight impact to 

induce damage in the laminates, followed by infrared thermography to determine the damage 

area due to impact.  The sandwich panel specimens are then loaded to failure in compression, in 

order to determine the residual strength of the impact-damaged composite facesheets.  Baseline 

sandwich panel specimens are also produced and tested (using virgin woven carbon fiber) for 

comparison.  Together, the testing and evaluation techniques used in this study provide valuable 

insight into the performance of CNT-reinforced woven composites during and after low-speed 

impact events.   
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6.2 Experimental 

6.2.1 Specimen design 

 Typically, drop-weight impact and CAI testing is performed on monolithic composite 

laminates.  ASTM D7136, which outlines drop-weight impact testing on polymer matrix 

composites (PMCs), and ASTM D7137, which outlines the accompanying CAI testing of PMCs, 

recommend the use of 101.6 mm x 152.4 mm (4 in. x 6 in.) symmetric laminates with a target 

total thickness of 5.0 mm (0.20 in).   However, the current benchtop scale of the PopTube 

Approach process limits the amount of CNT-reinforced fabric layers that can be produced, so 

alternative test specimen configurations were considered for this study.  In order to reduce the 

number of plies required in a given specimen, a sandwich panel configuration was selected in 

lieu of the typical monolithic configuration – a practice that has been used in previous studies 

[89–91].  This configuration allowed for the use of relatively thin facesheets (compared to the 

thick laminates required for monolithic test specimens) while maintaining the ability to 

successfully fail the specimen in compression.    

6.2.2 Specimen manufacture 

 The facesheets of the composite sandwich panels were manufactured using woven carbon 

fiber and epoxy.  The reinforcing material used was plain weave 3K AS4 carbon fiber fabric 

(manufacturer: Hexcel). The matrix material used was EPON 826/EPIKURE 3230 

(manufacturer: Momentive Chemical).  EPON 826 is a low viscosity bisphenol A based epoxy 

resin, and EPIKURE 3230 is an unmodified D230-type polyoxypropylenediamine. This 

combination of resin and hardener produces a low viscosity epoxy matrix, and was selected in 
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order to ensure proper wetting of the CNT-covered woven fabric.  The facesheets (4 plies thick) 

were laid up by hand, vacuum bagged, and cured in a hot-platen press.      

 Phenolic honeycomb core material was used to produce the composite sandwich panels.  

The facesheets were bonded to the core material using FM-300K film adhesive and a hot-platen 

press.  After the sandwich panels were manufactured, they were machined to final dimensions of 

101.6 mm x 152.4 mm.  Figure 6-1 shows a schematic of the sandwich panel configuration.  To 

facilitate appropriate loading and failure in compression, the sandwich panels were potted in 

rectangular aluminum frames on either end.  This practice not only imparts stability to the 

sandwich panel specimens under compressive loading, but also prevents end-brooming of the 

composite facesheets under said loading.  A filled epoxy resin (EPON 862/amine-based 

hardener/CAB-O-SIL fumed silica filler) was used for potting.  Once cured, the specimen ends 

were milled flat and parallel to one another, to minimize/eliminate bending and allow for 

uniform loading in compression.   



87 

  

 
 

(a) (b) 

Figure 6-1.  Potted sandwich panel specimen used for drop-weight impact/CAI testing: (a) Typical sandwich panel specimen 

manufactured for this study, and (b) Schematic of the potted sandwich panel specimen. 
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6.2.3 Drop-weight impact testing 

 A drop-weight impact test machine was used to create barely visible impact damage 

(BVID) on one facesheet of each sandwich panel specimen.  BVID is a critical degree of damage 

in composites, as it represents a damage state that may go unnoticed in the visual inspection of 

composite components.  Therefore, the impact damage characteristics and CAI properties 

associated with BVID are often of significant interest.  A hemispherical striker with a diameter 

of 6.35 mm (0.25 in.) was used to impact the composite laminate facesheets.  A target impact 

energy of 2.21 J (1.63 ft-lbf) was used, which was accomplished by dropping a 12.45 N (2.8 lbf) 

(total weight of striker and associated fixture) impactor apparatus from a height of 177.8 mm (7 

in.).  For the laminate facesheets used in this study, which had a nominal thickness of 0.787 mm 

(0.031 in.), the ratio of impact energy to specimen thickness was approximately 2.81 J/mm (631 

in.-lbf/in.)  The ASTM standard for this test recommends a ratio of 6.7 J/mm (1500 in.-lbf/in.) for 

this quantity, but it was determined that the higher impact energy associated with the 

recommended ratio induced significant damage beyond the “barely visible” criterion.  The 

sandwich panels were placed in the impact test machine and restrained on all four edges of the 

facesheet to be impacted, so as to prevent the specimen from rebounding during the impact 

event.  A computer-automated data acquisition system was used to collect data during the impact 

event, including impact energy, load, contact duration, impactor velocity, and impactor 

displacement.  The drop-weight tower utilized a “catch” mechanism to prevent the impactor from 

rebounding and impacting the test specimen more than once.   

6.2.4 Non-destructive evaluation: post-impact 

 After the sandwich panel facesheets were impacted, infrared flash thermography was 

used to evaluate the degree of damage in the composite facesheets.  A Thermal Wave Imaging 
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EchoTherm infrared thermography analysis system was used for this portion of the study.  Each 

of the impact-damaged facesheets was imaged.  Although an approximation for the damage size 

can be made quickly by simply measuring the visually-represented damage area, a more refined 

approach must be taken to yield a precise determination of the damage size.  In thermographic 

inspection, the image of the damage area is a thermal artifact from the heat diffusion process that 

is inherent to the inspection method itself.  Therefore, the size of that artifact is not necessarily 

representative of the true size of the damage area [92].  Perhaps the most practical route to 

circumvent this issue is to use the full width at half maximum (FWHM) technique to measure the 

lateral dimensions of the damage signature based on the intensity profiles captured during 

thermographic inspection.  Wetsel and McDonald [93] first applied the FWHM technique to size 

determination in photothermal imaging, and Almond and Lau [94] followed with the theory 

necessary for the use of FWHM in flash thermography.   Saintey and Almond [95] found that the 

FWHM method provides the most accurate damage size measurement when used at the earliest 

possible time following the heating event, while Hung et al. [96] have shown that measurements 

taken via the FWHM method from a second derivative profile correlate well with the actual size 

of the damage area.  As such, the FWHM method was used in this study to calculate the size of 

the damage signatures left by the drop-weight impact events.  Lateral measurements (in both the 

horizontal and vertical directions) were taken using the second derivative profiles at the earliest 

possible time after the heating pulse (which corresponded to 0.567 s in this study).  It should be 

noted that FWHM measurements were taken from the second derivative profile at the same time 

(0.567 s) for each specimen considered.  Figure 6-2  illustrates the use of the FWHM method in 

this study.   
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(a) (b) 

  

(c) (d) 

Figure 6-2.  Full width at half maximum (FWHM) method: (a) Intensity profile taken from 

second derivative data at 0.567 s after heating pulse (bisecting the damaged facesheet from 

left-to-right), (b) Intensity profile taken from second derivative data at 0.567 s after heating 

pulse (bisecting the damaged facesheet from top-to-bottom), (c) Calibrated digital 

measurement (in inches) of damage area width (left-to-right) based on FWHM method, and (d) 

Calibrated digital measurement (in inches) of damage area height (top-to-bottom) based on 

FWHM method. 
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6.2.5 Compression after impact testing 

 Uniaxial strain gages were bonded (in the loading direction) to the facesheets in 

corresponding locations on each sandwich panel specimen.  The sandwich panel specimens were 

loaded in compression using a SATEC hydraulic load frame.  The load frame was equipped with 

a floating lower compression platen, which allowed for specimen alignment adjustments prior to 

the tests as well as some degree of self-alignment as compressive load was applied.  By pre-

loading each test specimen (with a target of ~5% of the failure load), the strain gages were used 

to check the alignment of the specimen.  After adjusting the alignment accordingly, the test was 

begun once the strains in the two facesheets were within approximately 10% of each other.  

Specimens were loaded at a rate of 1.27 mm/min (0.05 in/min).  A standard data acquisition 

system was used to record the strain values on both facesheets throughout the test, while the load 

was recorded via the computer software.     

6.3 Results and Discussion 

6.3.1 Drop-weight impact testing 

 The results of the drop-weight impact tests carried out in this study are shown in Table 

6-2.  Figure 6-3 shows representative drop-weight impact test data plots, as recorded during a 

typical event in this study.  No discernible differences were observed between the virgin (without 

CNTs) and treated (with CNTs) groups with respect to the impact event data shown in Figure 

6-3.  With respect to the energy absorbed by the composite facesheets during the impact event, 

there is no significant difference between the virgin group (without CNTs) and the PopTube 

Approach-treated group (with CNTs).  The treated (with CNTs) group showed 5.53% and 5.88% 

increases in max contact force and velocity slowdown, respectively, over the virgin (without 
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CNTs) group.  With regard to contact duration – the duration of the impact event – the treated 

(with CNTs) group showed a 2.94% reduction compared to the virgin (without CNTs) group.  

Because the BVID criterion was used, the impact properties themselves do not carry as much 

significance as they would with full-penetration impact damage – where the maximum contact 

force and absorbed energy would represent the results of interest [97].  With the BVID criterion, 

the damage zone characteristics and CAI properties offer more meaningful results, as they serve 

to characterize the effects of the impact damage on the mechanical properties of the composite.  

Table 6-2.  Drop-weight impact test results. 

Test Group 

Absorbed 

Energy (J) 

Max Contact Force 

(N) 

Contact 

Duration (ms) 

Velocity 

Slowdown (%) 

Without CNTs 2.10±0.07 1044±68.9 5.35±0.06 53.7±3.74 

With CNTs 2.07±0.08 1101±49.8 5.19±0.11 56.8±2.57 

Relative Difference -0.92% +5.53% -2.94% +5.88% 

p-value .825 .295 .059 .289 
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(a) (b) 

  

(c) (d) 

Figure 6-3.  Representative drop-weight impact test data: (a) Contact force vs. time plot, (b) 

Impactor velocity vs. time plot, (c) Impactor displacement vs. time plot, and (d) Absorbed 

energy vs. time plot.  Note that for this representative test, the measured contact duration 

was 5.09 ms.   
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6.3.2 Non-destructive evaluation: post-impact 

 Figure 6-4 shows representative images captured via infrared thermography of impact-

damaged facesheets, for both the virgin (without CNTs) group and the treated (with CNTs) 

group.  The damage zones observed in both groups typically appeared elliptical in shape, with 

boundaries that were reasonably well defined.  Visually, there were no discernible differences 

between the virgin and treated groups in terms of macroscopic damage zone characteristics.  As 

discussed in Section 6.2.4, the full width at half maximum method (FWHM) was used to 

measure the width and length of the damage zones from the intensity profiles recorded by the 

thermography software.  

  

(a) (b) 

Figure 6-4.  Thermography for specimens after impact: (a) Virgin (without CNTs) 

facesheet, and (b) Treated (with CNTs) facesheet.  In both images, the transmission shows 

both the woven fabric and the honeycomb core structure beneath the facesheet. 
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Table 6-3. NDE results for damage zone size. 

Test Group Width (mm) Length (mm) Ellipsoidal Area (mm
2
) 

Without CNTs 0.93±0.04 0.98±0.13 0.72 

With CNTs 0.85±0.04 0.93±0.09 0.64 

Relative Difference -9.52% -4.55% -11% 

p-value .017 .483 - 

 

Table 6-3 shows the damage zone dimensions for each group as determined by the FWHM 

method.  In terms of damage zone width (measured perpendicular to the loading direction) and 

damage zone length (measured parallel to the loading direction), the PopTube Approach-treated 

(with CNTs) group exhibited reductions – of 9.52% and 4.55%, respectively – relative to the 

virgin (without CNTs) group.  Damage zone dimensions are reported to two significant figures in 

an effort to accurately represent the fidelity of the FWHM method.  Even though the 

thermography software used in this analysis presented measurements to three significant figures, 

the nature of the FWHM technique is such that the authors are not comfortable reporting such 

precise values.  It is interesting to note that if damage area is calculated as the area of an ellipse, 

where half the damage zone length and half the damage zone width are the major and minor 

semi-axes,  the treated (with CNTs) group shows a 11% reduction in damage zone area 

compared to the virgin (without CNTs) group.   
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6.3.3 Compression after impact testing 

Table 6-4. Compression after impact test results. 

Test Group CAI Strength (ksi) 

Without CNTs 343±9.86 

With CNTs 375±19.2 

Relative Difference +9.27% 

p-value .596 

  

As seen in Table 6-4, the treated (with CNTs) group exhibited a 9.27% improvement in 

CAI strength over the virgin (without CNTs) group.  The strength values reported are based on 

the failure load (as recorded by the load cell/testing software) and the cross-sectional area of the 

damaged facesheet for each specimen.  In each of the CAI tests conducted, the specimen failed in 

the impact-damaged facesheet, with failure occurring across the facesheet (perpendicular to the 

loading direction) and through the impact damage zone.  Figure 6-5 shows representative CAI 

test data, including a typical load vs. crosshead displacement plot and a comparison between the 

strains in the pristine facesheet and the damaged facesheet.  The strain values shown in the 

comparison plot, which were measured at corresponding locations on the two facesheets, track 

closely together throughout the initial portion of the loading.  As the compressive load increases, 

the two strain values begin to progressively differ, with the damaged facesheet experiencing 

more strain than the pristine facesheet at a given instance in time.  This occurrence is in keeping 

with the outcome to be expected in this situation – that is, for a given load (stress), the damaged 

facesheet would experience more strain than the pristine facesheet.  Correspondingly, for a given 

strain, the pristine facesheet would carry more load (stress) than the damaged facesheet. 
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(a) 

 

(b) 

Figure 6-5.  Representative CAI test data: (a) Load vs. crosshead displacement plot for 

potted sandwich panel under compressive loading, and (b) Strain comparison between 

pristine facesheet and damaged facesheet during CAI test.   
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6.4 Conclusions 

 This study offers valuable insight into the impact and after-impact properties of CNT-

reinforced carbon/epoxy composites enabled by the PopTube Approach CNT synthesis 

technique.  Woven carbon fiber/epoxy composite facesheets were manufactured and bonded to 

phenolic honeycomb core to produce sandwich panel specimens.  Composite facesheets with 

CNTs and without CNTs were produced for comparison.  Sandwich panel specimens were 

subjected to drop-weight impact so as to induce barely visible impact damage (BVID) in one of 

the composite facesheets.  Infrared thermography was then used to image the damaged 

facesheets, and the full width at half maximum (FWHM) technique was used to produce 

quantitative measurements for the impact damage zones.  The sandwich panels were then loaded 

in compression, leading to specimen failure in the damaged facesheets.  The results of this study 

offer several conclusions with regard to carbon/epoxy composites reinforced with CNTs 

produced by the PopTube Approach.  With respect to drop-weight impact test metrics, no 

significant differences were observed between the CNT-reinforced composites and the as-

received composites.  However, the CNT-reinforced facesheets showed reductions in impact 

damage zone size of 9.52% (in terms of width) and 4.55% (in terms of length).  With respect to 

compression after impact strength, the CNT-reinforced specimens showed an improvement of 

9.27% over the as-received specimens.  These results suggest that the novel CNT synthesis 

method considered is effective in enhancing the properties of carbon/epoxy composites with 

respect to drop-weight impact.  Since polymer matrix composites are particularly susceptible to 

impact damage throughout the course of their service life, the improved impact resistance of 

composites accomplished in this study via PopTube Approach-produced CNTs should be 

considered to be significant. 
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7 COHESIVE ZONE MODELING OF THE DCB TEST FOR MODE I 

FRACTURE TOUGHNESS 

A key consideration in the design and manufacture of any composite structure is the threat 

of delamination within the component.  Laminate composites are prone to delaminations 

between adjacent plies, which can occur due to matrix cracking, manufacturing-induced defects, 

and free-edge effects, among others.  As such, any sound composite structural design must 

consider the given material system’s resistance to said delaminations.  Typically, three opening 

(delamination) modes are considered: Mode I (normal opening), Mode II (shear opening), and 

Mode III (tearing opening).  In view of real-world load cases, it can be observed that composite 

components typically experience some combination of two or more of the three possible opening 

modes.  For the purposes of design and analysis, total critical strain energy release rate (SERR) 

can be expressed as factored combinations of the pure Mode I, Mode II, and Mode III critical 

SERRs.  Perhaps the most commonly used of these expressions is the Benzeggagh and Kenane 

(BK) damage evolution criterion: 

                 (
        

           
)
 

 (7-1) 

    

where    ,     , and       are the critical SERRs for pure Mode I, Mode II, and Mode III 

openings, respectively; and   is a material system parameter that governs mode-mixity.  Using 

this approach, design and analysis with respect to delamination progression in a composite 

structure becomes tractable. Fracture toughness values for pure Mode I, Mode II, and Mode III 
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openings can be determined experimentally and then implemented in more complex forms of 

analysis capable of considering mixed-mode delaminations.  In this way, the double cantilever 

beam (DCB) test for Mode I fracture toughness and the end-notched flexure (ENF) test for Mode 

II fracture toughness are incredibly useful in composite structural design.  Mode III 

delaminations are less likely than Mode I or Mode II delaminations, and as such, the 

development of a characterization method for Mode III fracture toughness has lagged that of the 

other two opening modes.  After experimentally determining critical SERRs at the pure single 

mode level, these values can be input for use in complex numeric-driven design and analysis 

models.  This approach enables composites designers to identify potential issues with 

delamination on the front-end (by optimizing layups, build-ups, ply drops, etc.), without having 

to rely on prohibitively expensive full-scale structural testing and/or heuristic experience to 

identify critical issues with regard to delaminations within a composite structure. 

 A comprehensive experimental study on the Mode I fracture response of woven 

carbon/epoxy composites reinforced with CNTs is presented in Chapter 4.  The DCB test was 

used to experimentally determine Mode I SERRs at several critical junctures in the crack 

initiation/propagation process.   It is the aim of this chapter to use finite element analysis (FEA) 

to numerically model crack initiation and propagation in the same material system considered in 

Chapter 4.  The intention of this approach is to calibrate an FEA model suitable for the 

simulation of the DCB test in woven carbon/epoxy composites with and without CNT 

reinforcement.  The commercially available FEA software ABAQUS is used in this study, but 

the techniques described herein are applicable to FEA in general. 

 In FEA, there are two commonly used techniques to simulate crack growth in 

composites: the virtual crack closure technique (VCCT) and cohesive zone modeling (CZM).  
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The use of VCCT was first documented by Rybicki and Kanninen [98] in 1977.  After several 

decades of use in industry, VCCT is now fully integrated into several general purpose finite 

element codes, including ABAQUS.  To predict crack onset and growth via VCCT, the user must 

first input experimentally determined fracture toughness values (i.e.     via DCB testing and      

via ENF testing).  Then, the VCCT method uses linear elastic fracture mechanics (LEFM) to 

calculate the total SERR for a given load case.  A mixed-mode fracture criterion, commonly 

Benzeggah-Kenane, is used to calculate the total critical SERR based on the experimentally 

determined values.  The total SERR is then compared to the total critical SERR, and if the 

former exceeds the latter, the crack is allowed to progress.  In this way, the delamination 

onset/growth criterion used in VCCT is based solely on SERR.  This characteristic leads to 

generally tractable solutions for simple load cases and delamination scenarios, and is a key 

contributor to VCCT’s widespread popularity.  However, a key implication of VCCT’s relatively 

simple delamination onset/growth criterion is that no damage ahead of the crack tip is considered 

in the analysis – only brittle fracture is modeled.  VCCT assumes that the material ahead of the 

crack tip is perfectly unaltered until the instant that the total SERR at the crack tip exceeds the 

total critical SERR of the material system.  Energy dissipation via deformation of the plastic 

zone ahead of the crack tip is not considered.  In polymer matrix composites, however, the 

behavior of the matrix material (which dominates interlaminar delamination processes) dictates 

that this criterion is not valid.  Prior to delamination onset/progression, the polymer matrix 

material ahead of the crack tip in a composite laminate deforms in a plastic manner.  

Microcracks, which effectively damage the material in the crack process zone, often occur prior 

to macro-scale crack propagation.  Therefore, a more appropriate route to the simulation of 

delaminations in polymer matrix composites is the cohesive zone model (CZM) approach.  First 
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documented by Dugdale [99] and Barenblatt [100], the CZM approach effectively models a 

process zone ahead of the crack tip, where some degree of damage is allowed to occur prior to 

the onset/propagation of the crack.  This damage ahead of the crack tip is accounted for via a 

traction-separation law that relates crack-opening displacements to resisting tractions in the 

process zone [101].   

7.1 Cohesive Zone Model  

 In the analysis presented in this chapter, the CZM approach used to model the 

aforementioned DCB tests considered in Chapter 4.  Specifically, surface-to-surface cohesive 

behavior governed by a bi-linear traction-separation law is modeled.  For general mixed-mode 

fracture, a bi-linear traction-separation law is defined by the three critical SERRs (           and 

     ), three penalty stiffness values (       and   ), and three interfacial strengths (       and 

  ).  However, in simulating the DCB test (where fracture is designed to be pure Mode I), the 

effects of the parameters associated with Mode II and Mode III fracture are insignificant.  As 

such, the model can be simplified by essentially considering only Mode I traction-separation 

behavior.  In practice, this is accomplished in several ways.  To eliminate the possibility of any 

mixed-mode fracture,      is taken to be the same as    ; upon observing the BK damage 

evolution criterion for mixed-mode fracture in Eq. (7-1), it can be seen that this leads to the 

relationship       .  This assumption has basis empirically, as Mode I and Mode II fracture 

toughness values for a given material system are typically very close in magnitude to one another 

(see steady-state values for Mode I and Mode II reported in this work).  Further, the penalty 

stiffness values may be assumed to be equal [101] – i.e.           .  As for the 

interfacial strengths, the critical parameter is the interfacial strength in tension,  .  The two 

interfacial strengths in shear,    and   , may be taken as the same and referred to commonly as   
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[101].  In view of these considerations, the bi-linear traction-separation law used herein is 

presented in Figure 7-1. 

   

 

Figure 7-1.  Bi-linear traction-separation response. 

 

where   is the interfacial strength in tension,   is the penalty stiffness,    is the critical 

separation for damage initiation,       is the separation at failure, and the area under the bi-linear 

curve is equivalent to the total critical SERR (and in this case, the Mode I critical SERR). 

 In contrast to the VCCT approach, the CZM approach via modeling bi-linear traction-

separation behavior allows for both damage initiation and damage progression.  Damage 

initiation (delamination onset) is governed by the parameters  ,  , and   .  Damage progression 

(delamination progression) is governed by the fracture toughness of the material system.     
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7.2 Implementation in ABAQUS  

 ABAQUS (version 6.14) was used to model the DCB test for Mode I fracture toughness 

via the CZM approach.  The previously established bi-linear traction separation law was 

implemented via surface-to-surface cohesive contact.   

 A two-dimensional model was considered.  DCB specimens identical to those 

manufactured and tested in Chapter 4 were modeled.  DCB specimens were modeled as two 

distinct sub-beams (above and below the midplane) joined in the initially bonded region by 

surface-to-surface contact.  Baseline material properties for the AS4 plain woven carbon 

fiber/EPON 826-EPIKURE 3230 epoxy composites used throughout this work, which were 

experimentally determined over the course of this collection of studies, were used to define the 

carbon/epoxy composite material to be simulated.  Where experimentally-determined material 

properties were not available, appropriate estimates for said properties were taken from the 

literature.  Composite DCB specimens were modeled as smeared elastic lamina. Table 7-1 lists 

the material properties used in the FEA model considered herein. 
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Table 7-1.  Geometric and material properties for DCB specimens modeled in ABAQUS. 

Property Description 

Virgin 

(without 

CNTs) 

Treated 

(with CNTs) Source 

  DCB specimen length 125 mm 125 mm Chapter 4 

  DCB specimen thickness 2.4 mm 2.4 mm Chapter 4 

   Longitudinal stiffness 63.5 GPa 63.5 GPa Chapter 2 

   Through-thickness stiffness 10.5 GPa 10.5 GPa [101] 

    Poisson’s ratio 0.06 0.06 Chapter 2 

    In-plane shear stiffness 5.61 GPa 5.61 GPa [101] 

    
Through-thickness shear 

stiffness 
5.61 GPa 5.61 GPa [101] 

    Out-of-plane shear stiffness 5.61 GPa 5.61 GPa [101] 

 

 Since this model was developed to simulate both delamination onset and delamination 

progression within a single analysis, element size was kept constant throughout the part.  In this 

case, mesh refinement ahead of the crack tip is not practical, as the analysis intends for quasi-

dynamic crack propagation to occur (i.e. the crack tip is always moving along the delaminating 

interface).  The 2D DCB specimen was meshed with elements of equal size – 125 elements along 

the length and 6 elements through the thickness.  This led to a constant element size of 1 mm x 

0.183 mm.  CPS4 elements were used, which are 4-node bilinear plane stress quadrilaterals 

(without reduced integration).   Figure 7-2 shows the mesh used in the FEA model.   

 

Figure 7-2.  Mesh used in the FEA model. 
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 Upon meshing the part, the interaction criteria (between the upper and lower sub-beams) 

were defined.  A surface-based interaction pair was defined, with the bottom of the upper beam 

defined as the master surface and the top of the lower beam defined as the slave surface.  The 

finite sliding criterion was used with node-to-surface discretization.  A set of nodes along the 

slave surface was selected so as to define the initially bonded region of the part (leaving an initial 

crack length of 25 mm, as was the case in the experimental study).  This set of initially bonded 

slave nodes was allowed to be adjusted in the interaction definition.  The interaction definition 

requires a contact property definition, which was defined next.   

 In the contact property definition, three contact property options were chosen in 

ABAQUS: Cohesive Behavior, Damage, and Geometric Properties.  In the Cohesive Behavior 

option, the penalty stiffness values must be defined.  As previously mentioned, each of the three 

penalty stiffness values are assumed to be equal in this study; therefore, a single value for   must 

be selected.  This value, like the other two parameters governing delamination onset in a bi-

linear traction-separation law, are characteristically difficult to define (experimentally or 

otherwise).  The three parameters are related to one another through the definition of the penalty 

stiffness parameter: 

  
 

  
 (7-2) 

 

Because none of the three values in this relationship can be readily determined experimentally, 

an assumption must be made with regard to the value of at least one of the parameters.  Based on 

the work by Turon et al. [102] and Song et al. [101], a value for penalty stiffness was selected as 
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            .  Due to the nature of the selection of this parameter, it was held constant 

between the two groups (without CNTs and with CNTs) considered. 

 In the Damage option, sub-options exist for Initiation, Evolution, and Stabilization.  In 

the Damage Initiation sub-option, the Maximum Separation criterion was selected.  Using this 

criterion, the critical separation for damage initiation,   , must be defined.  To determine 

appropriate    values for both the virgin and CNT-reinforced groups, representative load-

displacement curves taken from the experimental DCB study were used to “calibrate” the bi-

linear traction-separation law used for simulation.  These representative load-displacement 

curves are show in Figure 7-3.   

 

Figure 7-3.  Representative load-displacement curves from DCB testing used to calibrate FEA 

models. 
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While the critical separation for damage initiation parameter is not necessarily intuitive in 

a physical sense, it (along with the penalty stiffness,  ), serves to define the interfacial strength 

in tension,   (see Eq. (7-2)).  In the Damage Evolution sub-option, the Benzeggagh-Kenane 

damage evolution criterion was selected.  A value of 1.8 was used for the exponent   [101].  In 

this sub-option,    ,     , and       must be defined.  These values were taken from the 

experimental work performed in Chapter 4.  As discussed in Chapter 4, the DCB test (as it was 

performed in this work) yields multiple values for critical SERR – NL (where the load-

displacement curve first becomes nonlinear), VIS (where crack growth is first observed), 

5%/Max (where specimen compliance has decreased by 5% or where the maximum load occurs, 

whichever occurs first), and steady-state (where crack propagation is occurring in such a manner 

that the calculated SERR remains relatively constant).  The NL, VIS, and 5%/Max criteria are 

associated with damage initiation (which is addressed by the parameters  ,  , and    in a bi-

linear traction-separation law), while the steady-state fracture toughness values are associated 

with damage propagation.  In Chapter 4, it can be seen that the virgin (without CNTs) group 

exhibited a steady-state     value of           , while the PopTube Approach-treated (with 

CNTs) group exhibited a steady-state     value of           .  However, statistical analysis 

(namely, the student-t test) showed that these two values were not statistically different.  As 

such, for the simulation carried out in this chapter, a single value of                was used 

for both the virgin and treated groups.  The forthcoming discussion on the comparison between 

experimental and FEA data will show that the selection of Damage Evolution parameters has a 

minimal effect on the traction-separation behavior modeled herein.  In the Stabilization sub-

option, a viscosity coefficient of        was used.  The use of this coefficient has no bearing on 

the traction-separation behavior itself; it functions only to stabilize the FEA model while crack 
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growth is occurring.  Crack growth analysis is particularly taxing on FEA simulations, as 

discontinuities commonly occur as contact pairs debond from one another – an issue that often 

leads to convergence issues.  As discussed in detail in Krueger’s work on this subject [103], 

ABAQUS provides several remedies to help overcome convergence issues in delamination 

propagation analyses.  These include the viscosity coefficient used in the Damage Evolution 

option, as well as contact stabilization, automatic stabilization, and viscous regularization.  Based 

on previous experience, contact stabilization was also used in the FEA model covered in this 

chapter.  A contact stabilization factor of        was used (based on the recommendation 

provided by Krueger [103]).  Table 7-2 summarizes the parameters used to define the bi-linear 

traction-separation law used to model delamination onset and progression in this chapter.  Please 

note that, as previously discussed in this chapter, Mode II parameters are taken to be the same as 

Mode I parameters so as to eliminate any mixed-mode behavior (the DCB test is designed to 

promote pure Mode I delamination).  Mode III parameters, therefore, do not have any bearing on 

the analysis performed herein, as mixed-mode behavior is not allowed.  
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Table 7-2.  Parameters used to define bi-linear traction-separation law. 

Property Description 

Virgin 

(without 

CNTs) 

Treated 

(with CNTs) Source 

   
Penalty stiffness for Mode I 

delamination 
344 GPa/mm 344 GPa/mm [101,102] 

   
Penalty stiffness for Mode 

II delamination 
344 GPa/mm 344 GPa/mm [101,102] 

   
Penalty stiffness for Mode 

III delamination 
344 GPa/mm 344 GPa/mm [101,102] 

  
  

Critical separation for Mode 

I damage initiation 
0.000125 0.000150 

Calibration of 

FEA model to 

experimental data 

   
  

Critical separation for Mode 

II damage initiation 
0.000125 0.000150 

Assumed to be the 

same as Mode I 

    
  

Critical separation for Mode 

III damage initiation 
0.000125 0.000150 

Assumed to be the 

same as Mode I 

    
Mode I steady-state fracture 

toughness 
0.90 kJ/m

2
 0.90 kJ/m

2
 Chapter 4 

     
Mode II steady-state 

fracture toughness 
0.90 kJ/m

2
 0.90 kJ/m

2
 

Assumed to be the 

same as Mode I 

      
Mode III steady-state 

fracture toughness 
0.90 kJ/m

2
 0.90 kJ/m

2
 

Assumed to be the 

same as Mode I 

 

 To simulate the experimental DCB test, which was run in displacement-control (as 

opposed to load-control), displacement boundary conditions were applied to the upper and lower 

beam arms in the ABAQUS model.  A value of 20 mm was input for both of these 

displacements, leading to a maximum total displacement (analogous to crosshead displacement 

in the experimental test) of 40 mm.  The far right end of the DCB specimen was modeled as a 

fixed end, so as to allow the FEA model to run.  In the experimental test, the far right end is not 

fixed, but modeling a free end in the FEA model would lead to an excess of degrees of freedom.  
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The fixed end does not affect the validity of the model; it functions only to allow the model to 

run.  The boundary conditions used in the FEA model are shown in Figure 7-4. 

 

Figure 7-4.  Boundary conditions used in the FEA model. 

  

7.3 Results and Discussion 

 ABAQUS/Standard was used to run the FEA models described herein.  Two separate 

models were configured and run – one for the virgin (without CNTs) group and one for the 

PopTube Approach-treated (with CNTs) group.  Figure 7-5 shows a deformed DCB specimen 

after Mode I delamination in ABAQUS, Figure 7-6 shows typical stress fields near the crack tip 

for Mode I delamination analysis via the CZM approach, and Figure 7-7 shows a comparison of 

the load-displacement response between experimental data and the FEA simulations.   
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Figure 7-5. Deformed DCB specimen after Mode I delamination in ABAQUS. 
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(a) 

 

(b) 

Figure 7-6.  Typical stress fields near the crack tip during Mode I delamination. 
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Figure 7-7.  Comparison between experimental and FEA data for Mode I delamination via the DCB test. 
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Several key observations can be made from the comparison shown in Figure 7-7.  The 

calibrated CZM models for both the virgin (without CNTs) and PopTube Approach-treated (with 

CNTs) groups agree reasonably well with the experimental data – particularly in the damage 

progression region (after the point where the load-displacement curves begin to decline).  In the 

damage initiation region, the FEA model for the CNT-reinforced group agrees very well with the 

corresponding experimental data.  However, this is not the case for the virgin group in the same 

region.  

 In the CNT-reinforced group, experimental load-displacement response remained linear 

up to the onset of delamination – i.e. there was only minimal softening in the process zone ahead 

of the crack tip prior to delamination onset.  This is likely due to the enhanced degree of fiber-

matrix adhesion offered by the presence of CNTs on the fibers.  This minimal softening ahead of 

the crack tip is accounted for well by the bi-linear traction-separation law used for the PopTube 

Approach-treated (with CNTs) group.   

In the case of the virgin group, experimental load-displacement response suggests that 

significant damage occurred ahead of the crack tip prior to macro-level delamination.  This 

damage likely occurred in the form of micro-cracks and some degree of fiber-matrix debonding 

(which commonly occur in polymer matrix composites without any form of interlaminar 

reinforcement), and was severe enough to lead to a notable reduction in specimen stiffness (as 

evidenced by the rounding-over of the load-displacement curve).  While the CZM approach is 

intended to allow for some damage ahead of the crack tip, it typically cannot account for the 

severe degree of pre-delamination damage observed in the virgin group – even in damage 

initiation analyses where the mesh is significantly refined ahead of a stationary crack tip [101].  
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As such, the bi-linear traction-separation law used for the virgin (without CNTs) simulation was 

calibrated to best-fit the experimental load-displacement response.   

Using the critical separation for damage initiation parameters – which were determined 

by calibrating the bi-linear traction-separation laws used for the virgin and CNT-reinforced 

groups to experimental load-displacement data for both groups – Eq. (7-2) can be used to 

calculate estimates for the bi-linear traction-separation law parameter   , the interfacial strength 

in tension, for both of the groups.  These values are shown in Table 7-3.  It should be noted that 

these values do not necessarily have an absolute physical meaning (i.e. they cannot be readily 

determined experimentally), but they are quantifiable representations of the Mode I interfacial 

strengths for the material system considered in this work. 

Table 7-3.  Estimates for interfacial strength in tension. 

Property Description 

Virgin 

(without CNTs) 

Treated 

(with CNTs) 

  
Interfacial strength in 

tension 
43 MPa 52 MPa 
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8 ADDITIONAL STUDIES 

8.1 Short-beam shear testing 

In this study, woven carbon fiber/epoxy composites are tested for short-beam shear 

strength, which provides a relative comparison of interlaminar shear strength of virgin and 

PopTube Approach-reinforced composites.  This series of tests were carried out according to 

ASTM D2344 [104].  In the short-beam shear test, thick composite “beams” are loaded in three-

point bending to failure.  The test is designed to generate interlaminar shear loading (akin to a 

Mode II loading) such that failure initiates in the form of “sliding” between two adjacent plies 

near the midplane of the composite specimen.   

It is important to note that the short-beam shear test does not yield a “pure shear” strength 

for composites.  As such, its results do not carry the same utility as many other material 

properties gleaned from ASTM-standardized testing – which are commonly used as model inputs 

in composite structural design/analysis efforts.  The short-beam shear test does, however, force 

the material to fail in a sliding shear mode (as noted above) and is perfectly capable of providing 

a comparative assessment among material systems with respect to interlaminar shear.  For this 

reason, the short-beam test is a commonly used procedure in the composites community, both in 

research and in industry.  

Composite panels were manufactured using wet layup vacuum-bagging.  Based on the 

ASTM-suggested guidelines and through experiment, appropriate specimen dimensions to ensure 

interlaminar shear failure were determined for the material system of interest – nominally 3.5 
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mm thick by 7.0 mm wide, with a span length of 25.4 mm.  Short-beam shear specimens were 

cut from the composite panels using a diamond-tipped wet saw.  The specimens were loaded to 

failure in a three-point bending configuration, and the maximum load was recorded for each 

specimen.  Short-beam shear strength was calculated for each of the specimens according to the 

relation given below: 

 

         
  
  

 (8-1) 

 

where      is the short-beam strength,    is the failure load, and   and   are the specimen 

width and thickness, respectively.  Five specimens were tested for each group.  As seen in Table 

8-1, the CNT-reinforced group showed a substantial improvement over the virgin group in terms 

of short-beam shear strength.  Given the nature of the short-beam shear test, it can be concluded 

that CNT reinforcement via the PopTube Approach leads to a significant improvement in 

interlaminar shear strength in woven carbon/epoxy composites.   

Table 8-1. Short-beam shear test results. 

Group 
Max Load,       

(N) 

Cross-Section Area,    

(mm
2
) 

     
(MPa) 

Virgin (without CNTs) 622.9 ± 62.5 22.8 ± 0.75 20.49 ± 1.65 

Treated (with CNTs) 940.1 ± 11.0 26.2 ± 0.51 26.96 ± 0.70 

Relative Difference +50.9% +14.9% +31.6% 

Confidence Level .000 .000 .000 
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8.2 Application of sizing to PopTube Approach-treated carbon fibers 

Fiber sizing, which is a fiber coating intended to enhance the handling and performance 

characteristics of fibers and their composites, is commonly used throughout the composites 

industry.   In fact, the presence of sizing on fibers to be used in polymer matrix composites is so 

commonplace that it may be considered a standard feature of said fibers.  The three primary 

functions of fiber sizing are 1) to serve as an appropriate coupling agent between the fiber 

surface and the matrix material to be used, 2) to improve handling characteristics of the dry fiber, 

and 3) to protect the fiber from damage during general handling, processing, layup, etc.   

The study detailed in Chapter 2 – which showed sizable declines in uni-axial composite 

tensile strength and strain-to-failure for composites reinforced with CNTs via the PopTube 

Approach – prompted further experimentation in an effort to alleviate the detrimental effects 

(specifically, fiber damage) of the PopTube Approach CNT synthesis process.  As mentioned 

previously in this work, it was discovered early on that the presence of sizing on the fibers 

interfered with the growth and coverage of CNTs produced by the PopTube Approach.  For this 

reason, much of the carbon fiber used throughout this work was purchased from the 

manufacturer without sizing applied.  The absence of sizing allowed for enhanced CNT growth 

and coverage on the carbon fibers, but also left the door open for extensive fiber damage during 

the CNT synthesis process and general handling and processing.  For these reasons, this study 

was conceived to examine the potential of applying sizing to the fibers in an effort to 1) alleviate 

some of the damage caused by the CNT synthesis process (i.e. healing minor defects in the 

fibers) and 2) introduce a protective coating to the CNT-reinforced fibers to defend against 

general wear-and-tear during layup.  It should be pointed out that the technique used in this study 

– coating the fibers after CNTs were grown on them – is not typical.  This technique would 
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likely be irrelevant to any fiber manufacturer, due to the fact that the fibers they produce do not 

have CNTs grown on them.  While the CNT-composites research community could presumably 

have some interest in a technique such as this, to the best of the author’s knowledge, there is no 

precedent for it currently available in the literature.   

While the specifics of sizing application methods likely vary from manufacturer to 

manufacturer (very little to no information is available on the details of various sizing application 

methods used by manufacturers, which is presumably due to the need to protect proprietary 

practices from competitors), the general object of sizing application is to coat the fibers’ entire 

surface area with an even, thin layer of sizing.  This can be accomplished by using a liquid sizing 

solution with the desired percentage of solids dissolved in an appropriate solvent.  After coating 

the fibers with the solution, the fibers are dried to drive off the solvent and leave behind the 

sizing particles on the fiber surface.   

 For this study, a polyurethane-based sizing agent designed for use with epoxy matrix 

materials  – Hydrosize U6-01 (manufactured by Michelman) – was selected.  Hydrosize U6-01 is 

an aqueous solution (which simplifies the dilution and application processes) with 30% solids 

(nominal) in its undiluted form.   

 At the onset of this study, sizing solutions with several different concentrations were 

prepared to examine the general effects of the sizing on the handling characteristics of plain 

woven carbon fiber fabric.  Sizing solutions with 30% solids (undiluted), 22.5% solids, 15% 

solids, and 7.5% solids were prepared (using deionized water for the diluted solutions) and 

applied to 6” x 6” single plies of plain woven carbon fiber.  The coated plies were then heated in 

an oven at 113°F for 1 hour to drive off the water and leave behind the polyurethane solids.  
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These drying parameters, along with the four solutions initially considered, were informed by the 

advice of a Michelman (the sizing manufacturer) chemist.   

 After drying, the four sizing-coated plies were examined for general handling 

characteristics as well as wet-out ability with the epoxy resin to be used in this study (EPON 826 

resin and EPIKURE 3230 curing agent).  The results of this examination were abundantly clear – 

as the amount of percent solids increased, the pliability and wet-out ability of the fabric plies 

decreased.  The 30% solids group was noticeably stiff, as if it had already been impregnated with 

a matrix material.  When epoxy was applied to said group, very little wet-out occurred.  Upon 

coating one side of the ply with epoxy, the other side would remain completely dry.  These 

effects became less pronounced as the percent solids decreased.  The 7.5% solids group retained 

much of its original pliability, and could be readily wetted-out with epoxy.  As such, it was clear 

that the most viable option was the group with 7.5% solids.   

 To study the effects of sizing on PopTube Approach-treated fibers at the composite level 

– specifically, the potential for sizing to heal minor defects caused by the CNT synthesis process 

and protect against general wear-and-tear during handling and layup – additional composite 

laminate test groups were fabricated and tested in uni-axial tension according to ASTM D3039 

[46].  Strains were determined via digital image correlation (see Chapter 2 for more details).  The 

test matrix used in this study was designed to gain a complete understanding of the effects of 

sizing on the material system of interest.  As such, a 7.5% solids sizing solution was prepared 

and applied to both virgin and treated woven carbon fiber fabric plies; these sized plies were then 

used to fabricate composite laminates.  By design, the material system, composite layup/cure 

procedure, test specimen dimensions, test specimen configuration, and test procedure were held 

constant with those used in Chapter 2.  This allowed for a direct comparison of uni-axial tensile 
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performance between virgin and CNT-reinforced composite laminates with and without sizing.  

The results of this study, along with comparison data from Chapter 2, are shown in Table 8-2.  

Please note that each of the percentage comparisons is relative to Group 1 – the baseline virgin 

group with no CNTs or sizing present on the fibers. 

Table 8-2. Uni-axial composite tensile test results. 

Test 

Group CNTs? Sizing? 

Strength 

(MPa) 

Strain-to-Failure 

(mm/mm) 

Tensile Chord 

Modulus (GPa) 

1 No No 778.0 ± 15.9 .01193 ± .000197 63.46 ± 2.20 

2 Yes No 592.4 ± 69.3 .00969 ± .00128 59.89 ± 2.94 

Relative Difference -23.9% -18.8% -5.63% 

p-value .000 .068 .023 

3 No Yes 751.9 ± 73.5 .01264 ± .00163 58.06 ± 2.26 

Relative Difference -3.36% +5.95% -8.51% 

p-value .207 .036 .001 

4 Yes Yes 708.7 ± 64.0 .01381 ± .00240 54.40 ± 6.00 

Relative Difference -8.91% +15.7% -14.3% 

p-value .012 .070 .002 

 

 Several interesting observations can be gleaned from the results shown in Table 8-2.  

First, consider the comparison between the virgin composites with and without sizing (Group 1 

vs. Group 3).  Strength has decreased slightly in the sized group, but at just over 3%, this 

reduction is not significant.  This shows that the presence of sizing on undamaged fibers provides 

no intrinsic strength improvement.  Strain-to-failure has improved by almost 6% in the sized 

group, which shows that the sizing has some effect on the degree of brittleness in composites 

loaded to failure in tension.  Quasi-ductility in composites loaded in tension arises from the 
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fibers’ ability to readily pull out of the surrounding matrix material during a failure event.  One 

of the key functions of sizing is to improve the integrity of the fiber-matrix interface; therefore, 

at first glance, it seems that the presence of sizing would diminish the fibers’ ability to pull out of 

the surrounding matrix material and thereby reduce the ductility of the composite.  However, this 

is clearly not the case according to the experimental results, which show an increase in ductility 

in the presence of sizing on the fibers.  This paradox has been observed by researchers in the 

past, most notably by Chua et al. [105].  They found that the presence of sizing had a 

plasticization effect on the matrix material near the fiber-matrix interface, which effectively led 

to a softer and more ductile interphase zone in which fibers where allowed to more readily pull 

out during a failure event due to a reduction in the debonding force required for pull-out to occur.  

This phenomenon also explains how the virgin composites with sizing could exhibit an increase 

in strain-to-failure with essentially no change in strength – the composites with sizing failed in 

the same manner as those without sizing, but the presence of sizing allowed for more extensive 

fiber pull-out (and thereby, more ductility) prior to final failure.    

 Next, consider the comparison between the PopTube Approach-treated composites with 

and without sizing (Group 2 vs. Group 4). While both Groups 2 and 4 show a reduction in 

strength compared to the baseline group, the CNT-reinforced group with sizing showed a 

markedly smaller reduction in strength compared the CNT-reinforced group without sizing.  As 

previously noted in the comparison of Group 1 vs. Group 3, the mere presence of sizing on the 

fibers provides no intrinsic improvement in composite strength.  The relative improvement in 

strength observed in the comparison of Group 2 vs. Group 4 likely arises from some combination 

of 1) the sizing’s ability to physically “fill in” and heal small defects along the surface of the 

PopTube Approach-treated fibers and 2) the sizing’s plasticization effect on the matrix material 
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near the fiber-matrix interface, which leads to a more ductile interphase zone that is conducive to 

fiber pull-out.  Since a primary function of sizing is to provide a protective coating on fibers, it 

follows that in the case of fibers with defects (which were proven to be onset by the PopTube 

Approach CNT synthesis process in Chapter 2), the application of sizing could provide some 

degree of a healing effect – thereby reducing the number and/or size of defects within the fibers, 

limiting the number of potential failure sites during a loading event, and allowing for higher 

values of composite strength to be reached.  A more ductile interphase zone likely has a two-fold 

effect on the CNT-reinforced composites, with the first being an increase in strain-to-failure (for 

the same reasons discussed in the comparison of Group 1 and Group 3) and the second being a 

crack-blunting mechanism via fiber-matrix debonding.  Under tensile loading, transverse cracks 

initiate in the composite and propagate as the load is increased.  If the fiber-matrix interface is 

excessively strong and/or brittle (as is the case with CNT-reinforced composites without sizing, 

discussed in more detail in Chapter 2), there is no relief mechanism for any stress concentrations 

that may arise in the composite.  Further, in this case, the crack-blunting mechanism offered by a 

weaker and/or more ductile fiber-matrix interface is not operative.  The net effect of these 

phenomena is an excessively brittle composite, where the matrix is unable to effectively 

distribute and redistribute loads to the fibers throughout the loading process.  This can be thought 

of as a sort of “short circuit” effect, where the full capacity of the composite is never reached due 

to uninhibited crack growth that is allowed to move transversely across the gage section without 

any relief mechanism.  On the other hand, if the fiber-matrix interface is weaker (not likely the 

case here, since sizing is intended to improve coupling between the fibers and the matrix 

material) and/or more ductile, the composite is able to more effectively redistribute stresses 

throughout the loading process and transverse cracking can be somewhat blunted by fiber-matrix 
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debonding.  The net effect here is that the composite is allowed to reach closer to its full capacity 

and exhibit a higher level of strength.  To summarize, the relative increase in strength seen in 

Group 4 as compared to Group 2 is likely due to a combination of the sizing’s ability to heal 

defects in the fibers and provide for a more ductile interphase zone in the composite; while the 

relative increase in strain-to-failure is likely due to the more ductile interphase zone alone.  It 

should also be noted that it is not presently clear to the author as to why the strain-to-failure in 

the CNT-reinforced/sizing group showed a larger improvement over the baseline than did the 

virgin/sizing group.  While beyond the scope of this work, perhaps a more exhaustive study on 

this subject should be the focus of future work in this area.   

8.3 Effects of the use of various metallocenes in the PopTube Approach 

In this study, single fiber tensile tests are carried out to compare the relative effects of 

different metallocene catalysts on PopTube Approach-treated fabric tows.  A metallocene, which 

is a sandwich structure compound comprised of a transition metal cation situated between two 

cyclopentadienyl ligands, is used in the PopTube Approach treatment process as a catalyst and 

supplemental carbon source.  As the PopTube Approach itself was being developed, ferrocene 

proved to be the most viable metallocene in terms of CNT growth and coverage.  As such, it has 

been used as the metallocene in the PopTube Approach in each of the studies presented herein.  

However, no mechanical testing was originally carried out to examine the effects of various 

metallocenes on carbon fibers treated by the PopTube Approach.  This study was designed to do 

just that – determine the relative effects of several different metallocenes (including ferrocene) 

on the mechanical properties of single carbon fibers.   
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8.3.1 Single Fiber Tensile Testing 

The single fiber tensile test was chosen due to the fact that it is indicative of the degree of 

damage induced in the fibers as a result of the CNT synthesis process.  As previously stated, the 

metallocene known to provide the best CNT growth and coverage is ferrocene – this study is 

designed to prove whether it also leads to the smallest degree of damage in the fibers.    

  Cobaltocene (denoted as Co), nickelocene (denoted as Ni), and the traditional ferrocene 

(denoted as Fe) were used to treat fabric tows with the PopTube Approach method.  Individual 

fibers were harvested from these tows, mounted in thick paper frames, and loaded to failure in 

tension using a low capacity, high fidelity 2.5 N load cell and pneumatic-actuated grips. The test 

setup was identical to that detailed in Chapter 2.  A single gage length – 25 mm – was 

considered, and five specimens were tested for each of the three groups.   

8.3.2 Determination of Characteristic Flaw Size 

To further characterize the damage induced in the fibers as a result of the treatment 

processes considered in this study, traditional linear elastic fracture mechanics (LEFM) 

principles can be used to determine a characteristic flaw size associated with the mean tensile 

strength of each test group.  As shown via Weibull statistics in Chapter 2, the PopTube Approach 

treatment process leads to an increase in both the number and the size of defects present in the 

single fibers.  These defects manifest themselves at or very near the surface of the fibers and do 

not affect the bulk fiber properties, as evidenced by the reduced strength (a function of the 

probability of a defect being present along the fiber gage length) and the relatively unchanged 

modulus (an intrinsic, bulk material property) in the PopTube Approach-treated single fiber 
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group.  Therefore, in this study, it is reasonable to consider the PopTube Approach-treated fibers 

to be notched (and the virgin fibers to be unnotched).   

The approach used herein is informed by the work of  Herráez et al. [106], which evaluated 

the fracture toughness of individual AS4 carbon fibers via tensile tests on notched fibers.  

Straight, sharp notches of prescribed depths (a constant crack depth-to-fiber diameter ratio was 

held constant at    ⁄      ) were introduced in the fibers via a focused ion beam, and the 

notched fibers were subsequently loaded to failure in tension.  Single fiber fracture toughness 

was then calculated using the relationship 

        ⁄   √   (8-2) 

where     is the fracture toughness,     ⁄   is the shape function for a straight crack in a 

cylinder loaded in uniaxial tension,   is the far-field applied stress, and   is the crack depth.  The 

shape function,     ⁄  , was determined via finite element analysis in a previous study by 

Herráez et al [107].  Based on this approach, Herráez et al. determined the fracture toughness of 

an individual AS4 carbon fiber to be                   √ .  Herráez et al. also points out 

that this single fiber fracture toughness value can be interpreted as a bulk material property – i.e. 

related to the central core of the fiber and not the fiber surface itself.  As such, it can be 

considered to remain constant among the three different PopTube Approach-treated groups 

examined in this study.  Using this logic, a characteristic flaw size can be estimated for each of 

the PopTube Approach-treated groups considered in this study – which serves to describe the 

deleterious effects of the various metallocenes used in a physical sense.  
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8.3.3 Results 

Table 8-3 shows the results from this comparative study.   

Table 8-3. Single fiber tensile strengths of PopTube Approach-treated fibers via various 

metallocenes. 

Test Group 

Mean Tensile 

Strength 

(MPa) 

Relative 

Change (%) 

Estimated 

Characteristic 

Flaw Size (µm) 

Virgin 3525 ± 475 - - 

PopTube Approach (Fe) 3033 ± 310 -14.0% 1.59 

PopTube Approach (Co) 2932 ± 494 -16.8% 1.71 

PopTube Approach (Ni) 2704 ± 1187 -23.3% 2.01 

 

 The results of this study show that ferrocene induces the least amount of damage in the 

fibers.  Coupled with the fact that ferrocene is known to provide for the best coverage and 

growth of CNTs, the results presented here further reinforce the conclusion that it is the ideal 

metallocene to use in the PopTube Approach CNT synthesis process.  Nickelocene is shown to 

be the most damaging to the fibers, causing a reduction in single fiber tensile strength of almost 

25% and inducing the largest characteristic flaw size – an estimated 2.01 µm.    
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9 CONCLUSIONS 

In this collection of studies, a comprehensive characterization of a novel CNT synthesis 

and reinforcement scheme – the PopTube Approach – is presented.  The PopTube Approach was 

originally developed by Wang and Zhang, who were granted a patent for the process in 2011 [3].  

However, prior to the work presented herein, the potential of the PopTube Approach to produce 

reinforced structural composites had not yet been explored.  This work serves to characterize 

polymer matrix composites (namely, woven carbon fiber/epoxy composites) reinforced with 

CNTs via the PopTube Approach.  A comprehensive range of mechanical tests has been carried 

out – including single fiber tension, composite tension, Izod impact, Mode I fracture, Mode II 

fracture, drop weight impact, compression after impact, and short-beam shear.  Where 

applicable, fracture surfaces resulting from said mechanical tests have been examined via 

scanning electron microscopy (SEM) in an effort to better understand how PopTube Approach 

CNTs affect the various mechanical properties considered.  While not the primary focus of this 

work, effort has been put forth in furthering the development of the PopTube Approach 

technique itself – namely, by studying the application of sizing to the PopTube Approach-treated 

fibers and by examining the effects of various metallocenes used in the CNT synthesis process.  

For simplicity, conclusions will be presented herein study-by-study, succeeded by a summary of 

the overarching conclusions from the entire collection of studies.  
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9.1 Study-by-study Conclusions 

1. The PopTube Approach leads to a reduction in both single fiber tensile strength 

and composite tensile strength.  The reduction in single fiber tensile strength is 

attributed to an increase in both the number and the size of defects present in the 

fibers following CNT synthesis by the PopTube Approach, as shown by the 

application of Weibull statistics.  The reduction in composite tensile strength is 

shown to the result of a combination of three factors – the reduction in single fiber 

tensile strength itself due to fiber damage, a reduction in fiber volume fraction due 

to the presence of CNTs on the fibers, and shift in failure mode (excessively 

brittle) as result of the improved (and perhaps, over-reinforced) fiber-matrix 

interface in the CNT-reinforced composites.  The latter conclusion is significant in 

that it suggests that for a given material system and CNT reinforcement scheme, 

there is likely a critical degree of CNT reinforcement – below which the 

composite may not reap the full benefits of CNTs in terms of delamination 

resistance, and above which improved delamination resistance comes at the cost of 

composite tensile strength.  

2. The PopTube Approach leads to no change in Izod impact strength in composites 

cured and consolidated with elevated temperature and positive pressure.  Izod 

impact strength is measured for virgin and CNT-reinforced groups cured via 

vacuum-bagging alone and vacuum bagging + press curing.  In the vacuum-

bagged groups, Izod impact strength is reduced, whereas in the press cured groups, 

there is no statistically significant change.  Fractography is used to reveal the 

nature of the Izod impact loading event, which is shown to induce failure in the 
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notched composite specimens via quasi-pure tension (nearest the notch), quasi-

pure compression (furthest from the notch), and some combination of these modes 

in between the two distinct zones.  Both mechanical testing and fractography 

support the conclusion that CNTs produced via the PopTube Approach are not 

utilized in any significant manner during an Izod impact loading event.  An 

additional takeaway from this study is a rather obvious one – enhanced 

consolidation serves to improve the mechanical properties of the CNT-reinforced 

composites.  While this is generally true in any polymer matrix composite system, 

the effects are exacerbated when CNTs are present on the surface of the fibers, as 

consolidation and wet-out become even more difficult tasks. 

3. The PopTube Approach leads to a significant improvement in Mode I fracture 

toughness upon crack initiation.  Two separate data reduction schemes – modified 

beam theory and modified compliance calibration – bear this out.  Fractography 

shows that the improvement in the crack initiation region can be attributed to 

enhanced fiber-matrix adhesion in the CNT-reinforced group.  

4. The PopTube Approach leads to an improvement in Mode II fracture toughness.  

Fractography shows that this improvement is due to enhanced fiber-matrix 

adhesion, as evidenced by the fact that the fibers in the CNT-reinforced group 

retained a significant amount of matrix material during fracture – i.e. the crack 

path was forced away from the fiber-matrix interface and into the tougher bulk 

matrix material.   

5. The PopTube Approach leads to a reduction in delaminated area due to drop-

weight impact (as shown by infrared thermography) and an improvement in 
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compression after impact strength.  Fractography is impractical to use in this case 

due to the nature of the two successive loading events (drop-weight impact 

followed by failure via compression, which initiates at the site of the impact 

damage), but it is reasonable to draw the conclusion that the improved fiber-matrix 

adhesion due to the presence of CNTs on the fibers limited the degree of 

delamination due to the facewise impact loading.  This limited degree of 

delamination ultimately leads to an improvement in knockdown strength – that is, 

compression after impact strength is reduced less (as compared to a pristine, 

undamaged specimen) in the group with CNTs. 

6. The PopTube Approach leads to a significant improvement in short-beam shear 

strength, which is a reliable indicator of interfacial shear strength (IFSS) in 

composites.  Fractography is not practical for failed short-beam shear specimens 

due to the nature of the failure, but it is reasonable to conclude that the 

improvement in IFSS is directly attributable to the presence of CNTs on the fibers. 

7. The application of a polyurethane-based sizing to carbon fibers post-CNT growth 

helps improve the mechanical properties of CNT-reinforced composites loaded in 

uniaxial tension.  The protective coating provided by the sizing conceivably helps 

to reduce the effects of general wear-and-tear during composite layup, but more 

significantly, it likely serves to heal some of the defects in the fibers caused by the 

PopTube Approach itself. 

8. Ferrocene is the most ideal metallocene compound to use in the PopTube 

Approach CNT synthesis process.  When the process was originally developed, 

ferrocene proved to provide for the best coverage and growth of CNTs, but this 
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work proves that it also provides for the least amount of damage to the fibers (via 

single fiber tensile testing) compared to two other metallocenes.       

9.2 Overarching Conclusions 

1. The PopTube Approach route to CNT-reinforced polymer matrix composites 

provides for an enhanced fiber-matrix interface.  Most significantly, this 

manifests itself in the form of improved resistance to Mode I and Mode II 

delaminations – which are among the most critical concerns in the design and 

implementation of composite structures in both aircraft and spacecraft 

applications. 

2. Unlike existing CNT synthesis/reinforcement schemes, the PopTube Approach 

provides a practical balance between usability and effectiveness.  Alternative 

techniques exist that can provide more dramatic improvements in delamination 

resistance, but these improvements generally come with a number of practical 

challenges in terms of implementation.  The PopTube Approach technique’s 

simplicity – coupled with its ability to provide sizable improvements in several of 

the most critical mechanical properties in composites – give it a unique practical 

value. 

3. The key drawback to the PopTube Approach is the fact that it induces damage in 

the constituent carbon fibers during the CNT synthesis process.  This damage is 

certainly not insignificant, but should be taken in the appropriate context – the 

PopTube Approach causes as little as one-fifth
 
the amount of fiber damage as 

other techniques. 
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4. The amount of CNT reinforcement in a polymer matrix composite system should 

be carefully selected so as to ensure an appropriate degree of fiber-matrix 

adhesion.  Beyond a critical amount of CNT reinforcement, further 

improvements in delamination resistance may come at the expense of composite 

tensile properties – due to the fact that excessive fiber-matrix adhesion impedes 

key stress relief mechanisms in composites under tensile load.  This can lead to 

the composites’ inability to effectively redistribute stresses, which in turn, leads 

to premature failure that initiates in regions with highly concentrated stresses.      

9.3 Recommended Directions for Future Work 

Conclusions taken from this work suggest several key next steps in the development of the 

PopTube Approach as a viable method to produce CNT-reinforced carbon fiber composites.  

Perhaps the most obvious and important of these next steps is to improve quality control as it 

relates to the PopTube Approach.  Quality control is largely limited by the microwave heating 

source needed to carry out the CNT synthesis reaction.  If a more reliable and controllable 

microwave heater can be configured, the quality/length/coverage of CNTs produced by the 

PopTube Approach can likely be markedly improved.  The second key next step is scale-up of 

the technique.  The PopTube Approach currently exists only on a laboratory scale, which is an 

inherently natural place to begin with a newly-developed concept of this sort.  The technique will 

need to be scaled up, however, if it is to realize some degree of practicality in industry.  

Uniquely, the issues of quality control and scale-up can likely be addressed by a single common 

solution – configuring an open-air, large-scale microwave belt heater that can continuously 

process carbon fiber via the PopTube Approach in a precise, controllable manner.  In this way, 

parameters governing the exposure and intensity of the microwave irradiation can be controlled 
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tightly all the while allowing for processing volumes limited only by the width of the heater 

itself.   

 Secondarily, thought should be given to the final material form of the CNT-reinforced 

carbon fiber produced via the PopTube Approach.  In the aerospace industry, the overwhelming 

majority of composite structural components are fabricated using fiber forms preimpregnated 

with matrix material – “prepregs” for short.  The popularity of prepregs within the aerospace 

industry can be attributed to the following features, among others:  

 The use of prepregs avoids the complication of separately applying both dry fiber forms 

and wet matrix material during the layup process.  In many cases, the complexity of a 

given component does not allow for traditional processing techniques such as wet layup 

or resin infusion to be used.   

 The use of prepregs typically leads to better control over material properties.  The 

prepreg material form inherently helps to better maintain fiber orientation during layup, 

which is obviously critical in any composite structural component.  Prepregs also 

effectively “lock in” the resin content in the final material form – thus ultimately 

allowing for the fiber volume fraction throughout a cured composite component to be 

relatively fixed. 

If carbon fiber forms reinforced with CNTs via the PopTube Approach are to ultimately be 

useful to the aerospace community, it would be prudent to incorporate them in a prepreg material 

form. 
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APPENDIX A: CARBON NANOTUBE GROWTH VIA THE POPTUBE 

APPROACH 

 This appendix contains representative images of CNT growth via the PopTube Approach 

CNT synthesis technique.  Images are included for CNT-reinforced fibers prior to composite 

fabrication (i.e. after CNT growth but before composite layup and cure) and after composite 

fabrication (i.e. after CNT growth and composite layup and cure). 
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SEM images of AS4 carbon fiber prior to composite fabrication 
Top Left 

 Baseline image – no CNT growth 
Top Right 

 CNT growth via the PopTube Approach 
 Metallocene: ferrocene 
 Additive: ethanol 

Bottom Left 
 CNT growth via the PopTube Approach 
 Metallocene: ferrocene 

 Additive: tetrahydrofuran (THF) 
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SEM images of CNTs in carbon fiber/epoxy composites 
Top Left and Top Right 

 Fiber bundles where many of the exposed fibers appear 
to be “fuzzy” as a result of CNT growth; after fracture, 
significant of matrix material remains attached to CNT-
reinforced fibers  

Bottom Left 
 Fiber surfaces appear slightly “fuzzy”, with a roughened 

surface texture characteristic of CNT growth 



 

150 

  

APPENDIX B: FRACTOGRAPHY FOR WOVEN COMPOSITES 

 This appendix is a collection of fracture surface images taken throughout the course of 

this project.  Fractographic images representing both virgin (without CNTs) and PopTube 

Approach-treated (with CNTs) woven composites are included for a variety of different loading 

conditions.  Some of the images included herein also appear in the main text, while many others 

are presented for the first time in this appendix.  This section is intended to be a reference for 

fracture surface analysis in woven carbon fiber/epoxy composite laminates, both with and 

without CNT reinforcement.   



Appendix B: Fractography for Woven Composites Composite Tension 
 Virgin (without CNTs) Woven Composites 
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Material 
system: 

AS4 plain weave carbon fiber/EPON 828 – 
EPIKURE 3230 

CNTs: No 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Uniaxial tension 

Notable fracture surface features and their implications: 
 Varying topography, with some fiber bundle breakage and 

some fiber-matrix debonding (as indicated by the bare 
individual fibers) 

 Exposed fiber surfaces are largely devoid of matrix material 
(i.e. fiber-matrix interface not exceptionally strong) 

 Transverse crack paths relatively tortuous (not able to shoot 
directly across the width of the specimen unabated) 



Appendix B: Fractography for Woven Composites Composite Tension 
 Treated (with CNTs) Woven Composites 
 

152 

  

  

 

Material 
system: 

AS4 plain weave carbon fiber/EPON 828 – 
EPIKURE 3230 

CNTs: Yes 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Uniaxial tension 

Notable fracture surface features and their implications: 
 Relatively uniform topography, characterized by fiber bundle 

breakage 
 Fibers remain in bundles; fiber-matrix debonding not 

operative (indicative of stronger fiber-matrix interface) 
 Transverse crack paths not tortuous (able to shoot across the 

width of the specimen with relative ease) 



Appendix B: Fractography for Woven Composites Izod Impact 
 Virgin (without CNTs) Woven Composites 
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Material 
system: 

Twill weave carbon fiber/EPON 828 – EPIKURE 
3230 

CNTs: No 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Izod impact 

Notable fracture surface features and their implications: 
 Failure mode is dominated by tensile failure near the notch, 

as indicated by widespread longitudinal fiber pullout and 
breakage in this region (see top left image).  Very little matrix 
material remains on the exposed fiber surfaces, although 
some fibers remain embedded in the surrounding matrix 
material and have pulled out in bundles. 

 Failure mode is dominated by compressive failure in the 
region furthest from the notch, as indicated by micro-
buckling bands (see top right image) and individual fiber 
buckling (see bottom left image). 
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 Treated (with CNTs) Woven Composites 
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Material 
system: 

Twill weave carbon fiber/EPON 828 – EPIKURE 
3230 

CNTs: Yes 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Izod impact 

Notable fracture surface features and their implications: 
 Failure mode is dominated by tensile failure near the notch, 

as indicated by widespread longitudinal fiber pullout and 
breakage in this region (see top left image).  Some groups of 
fibers remain well embedded in the surrounding matrix 
material (see top right image). 

 Failure mode is dominated by compressive failure in the 
region furthest from the notch.  Due to post-failure contact, 
this mode of failure leaves behind rather chaotic fracture 
surfaces in some areas (see bottom left image). 

 Overall, failure via Izod impact appears to be the same in 
nature regardless of the presence of CNTs.   



Appendix B: Fractography for Woven Composites Mode I Fracture 
 Virgin (without CNTs) Woven Composites 
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Material 
system: 

AS4 plain weave carbon fiber/EPON 828 – 
EPIKURE 3230 

CNTs: No 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Mode I fracture 

Notable fracture surface features and their implications: 
 Failure mode in the crack initiation zone is largely 

characterized by fiber-matrix interface failure, as indicated 
by the clean fiber depressions left in the matrix material (see 
top left image). 

 Failure mode in the crack propagation zone is characterized 
by some combination of fiber-matrix interface failure and 
rough matrix cohesive failure (see top right and bottom left 
images).  Some clean fiber depressions are present along 
with some evidence of deformed bulk matrix material. 
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 Treated (with CNTs) Woven Composites 
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Material 
system: 

AS4 plain weave carbon fiber/EPON 828 – 
EPIKURE 3230 

CNTs: Yes 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Mode I fracture 

Notable fracture surface features and their implications: 
 Failure mode in the crack initiation zone is largely 

characterized by rough matrix cohesive failure, as indicated 
by the irregular remaining surface where most fibers have 
retained a significant amount of matrix material (see top left 
image).  In contrast, the fibers would have retained almost 
no matrix material as a result of fiber-matrix interface failure 
– resulting in a clean, uniform collection of fibers. 

 Failure mode in the crack propagation zone is characterized 
by some combination of rough matrix cohesive failure (see 
top left image) and fiber breakage (see bottom right image, 
where the Mode I loading has fractured an entire bundle of 
fibers).    



Appendix B: Fractography for Woven Composites Mode II Fracture 
 Virgin (without CNTs) Woven Composites 
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Material 
system: 

AS4 plain weave carbon fiber/EPON 828 – 
EPIKURE 3230 

CNTs: No 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Mode II fracture 

Notable fracture surface features and their implications: 
 Failure mode in the transverse tow regions (see top left and 

top right images) is characterized primarily by fiber-matrix 
interface failure along with some fiber breakage.  

 Failure mode in the longitudinal tow regions (see bottom left 
image) is also characterized by fiber-matrix interface failure. 

 In both the transverse and longitudinal tow regions, the 
fracture surfaces are largely flat with any remaining matrix 
material being largely featureless – indicating that a 
relatively small amount of energy was required to create said 
surfaces. 



Appendix B: Fractography for Woven Composites Mode II Fracture 
 Treated (with CNTs) Woven Composites 
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Material 
system: 

AS4 plain weave carbon fiber/EPON 828 – 
EPIKURE 3230 

CNTs: Yes 

Fabrication: Wet layup/vacuum bag/press cure 

Loading: Mode II fracture 

Notable fracture surface features and their implications: 
 Failure mode in the transverse tow regions (see top left 

image) is characterized primarily by ductile failure of the 
matrix material along with some fiber breakage. 

 Failure mode in the longitudinal tow regions (see top right 
and bottom left images) is also characterized by ductile 
failure of the matrix material and some fiber breakage.   

 In both the transverse and longitudinal tow regions, the 
fracture surfaces vary widely in topography.  The remaining 
bulk matrix material shows widespread evidence of ductile 
deformation – indicating that a relatively large amount of 
energy was required to create said surfaces.   
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APPENDIX C: RELIABILITY OF TEST DATA 

 While the confidence level results have been included along with the test results of each 

individual study in this work, this section presents a comprehensive view of the entire collection 

of test data gathered in this work – with a specific interest in showing the reliability of said test 

data. 
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Study 

Without 

CNTs With CNTs 

Relative 

Difference p-value 

Single Fiber Tension     

# of Specimens Tested 7 8 - - 

Modulus   -3.76% .704 

Strain-to-Failure   -11.7% .147 

Composite Tension     

Without Sizing     

# of Specimens Tested  6 18 - - 

Strength   -23.9% .000 

Modulus   -5.63% .023 

Strain-to-Failure   -18.8% .068 

Poisson’s Ratio   -4.45% .790 

With Sizing      

# of Specimens Tested  10 - - - 

Strength   -3.36% .207 

Modulus   -8.51% .001 

Strain-to-Failure   +5.95% .036 

With Sizing and CNTs       

# of Specimens Tested  - 9   

Strength   -8.91% .012 

Modulus   -14.3% .002 

Strain-to-Failure   +15.7% .070 

Izod Impact     

Vacuum Bagged     

# of Specimens Tested 4 4 - - 

Strength   -15.9% .037 

Press Cured     

# of Specimens Tested 5 5 - - 

Strength   +4.17% .576 

Mode I Fracture     

# of Specimens Tested 8 9 - - 

Mod. Beam Theory (MBT)     

NL   +36.2% .083 

VIS   +48.0 .041 

5%/Max   -6.17% .457 

Steady State   -6.69% .164 

Mod. Compliance Calibration 

(MCC) 
    

NL   +40.6% .059 

VIS   +48.4 .044 

5%/Max   -5.30% .530 

Steady State   -6.44% .195 
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Mode II Fracture     

# of Specimens Tested 6 (30 data 

points) 

7 (35 data 

points) 
- - 

Mode II Fracture Toughness   +7.34% .016 

Compression after Impact     

# of Specimens Tested 4 4   

Delamination Area   -11% - 

Compression after Impact Strength   +9.27% .596 

Short Beam Shear     

# of Specimens Tested 5 5 - - 

Strength   +31.6% .000 

 


